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by 
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ABSTRACT 

The first s ingle-crys ta l s t ructure determination in the r a r e - e a r t h 
and related carbides is presented here for yttrium hypocarbide, which 
exhibits two modifications: the h igh- tempera ture-d isordered cubic s t ruc 
ture having the composition YC^ (x S 0.25-0.65), and the low- tempera ture-
ordered trigonal s t ructure with the Y^C stoichiometry. Both X-ray single-
crystal and neutron powder techniques were employed in the s t ructure 
determination. 

Our quenched single crystal has stabilized the transient state in the 
midst of the cubic-to-tr igonal transit ion, and consists of one cubic and four 
trigonal crysta ls with the trigonal tr iad axis paral lel to one of four cubic 
tr iad axes. The domain sizes of these five crystals a re different from one 
another, resulting in highly complex diffraction pat terns for which exceed
ingly elaborate dimensional and intensity interpretations have been carr ied 
out. The chemical compositions of the sample crystal were determined 
accurately by means of the diffraction-intensit^ analysis. Several new s ta
t is t ical and analytical methods have been derived and incorporated in this 
work. 

Our cubic s t ruc ture , YCo.4a. has been uniquely determined to be a 
NaCl-type with ^ = 5.115 ± 0.002 A and with the carbon atom sites ran
domly occupied. The trigonal YzC shows an anti-CdClj-type configuration 
with a = 3.617 + 0.002 and _c = 17.96 ± 0.01 A. The carbon atoms are 
located at the nonparameter positions, and the Y atoms are found at the 
one-parameter coordinates with z_ = 0.2585 + 0.0003. The Debye t empera 
tures obtained from the isotropic tempera ture factors a re 230 + 10, 170 ± 5, 
and 233 ± 6°K for YCQ ĵ (cubic), YCo.48 (cubic), and YjC (trigonal), 
respectively. 

The cubic-to-tr igonal t ransformation is character ized by a slight 
y t t r ium- layer displacement along the t r iad axis and a migration of the ca r 
bon atoms to constitute a full and vacant layer sequence. Our multidomained 
s ingle-crys ta l s t ructure demonstra tes an illuminating example of interphase 
and isophase boundary intercorrelat ion. Revelation of such interphased 
s t ruc ture is also the first example in this type of compound. 



The cubic YC^ structure has previously been postulated and the 
trigonal HojC structure has also been reported, both through the powder 
technique. Our study has confirmed these results unambiguously and p r e 
sents the structure parameters with a substantially higher accuracy, hence 
providing detailed insight into the chemical bonding and the phase- t ransi t ion 
mechanism. A review of the related structures is given to emphasize s tr ik
ing differences in the bond propert ies between the r a r e - e a r t h and transi t ion 
metal carbides. The crystal s t ructure of ScjC, previously reported incor
rectly as having a cubic superlattice, has been proved here to be i sos t ruc-
tural to the trigonal Y2C. 

I. INTRODUCTION 

The course of this study spans nearly one decade, though quite inter
mittently, during which we have gone through somewhat confusing steps in 
reaching the ultimate goal: the crystal s t ructure determination of yttrium 
hypocarbide, YC^ (x S 0.25-0.65). Independently, a French group (Deanetal . , 
1964; Bacchella e t ^ . , 1966; Lallement, 1966) was working on several other 
r a re -ea r th hypocarbides, but their approach was not straightforward either. 
As described later in detail, a major cause for the confusion in our case 
ar ises from the fact that the r a r e -ea r th hypocarbide forms two closely r e 
lated, yet different, crystallographic modifications which frequently coexist 
through intricate phase-boundary interrelat ions. In fact, our "single crystal" 
was composed of five s ingle-crystal domains with mutually correlat ive axial 
relations. A detailed chronicle of bewildering successions in our prolonged 
endeavors is outlined in Ch. II, since it would be more than just instructive 
to disciplines in crystallographic research. Chapter II is written very much 
unmathematically in contrast to the following sections. 

Both X-ray and neutron diffraction techniques were employed in the 
s tructure determination. We started with the powder diffraction method, 
for the single crystal was not then available. Later , accidentally, quite a 
few good single crystals were found in an a rc -mel ted sample. These c rys
tals were too small for neutron diffractometry, but just right in size for the 
X-ray experiment. The s ingle-crystal X-ray diffraction patterns were, how
ever, unusually complex. Nevertheless , we have obtained an unambiguous 
solution with which the neutron powder data were successfully interpreted. 
Detailed procedures of the s t ructure analysis and the results a re described 
m Chs. Ill through VI, where rather perplexed descriptions in Ch. II are 
straightened out with a strong emphasis on mathematical and numerical 
aspects . 

The resultant s t ructure has revealed not only some intriguing chemi
cal bonding schemes but also has led to the suggestion of a sophisticated 
mechanism associated with an order -d isorder behavior of the carbon atoms. 
In Ch. VII, these charac ter i s t ics are discussed and the s t ructures of the 
related compounds reviewed. 



The d i m o r p h i c s t r u c t u r e s of y t t r i u m h y p o c a r b i d e to which we h a v e 
r e f e r r e d a r e a s fo l lows: the N a C l - t y p e cubic p h a s e wi th a d e f i c i e n c y in the 
c a r b o n a t o m s i t e s a s r e p r e s e n t e d by YC^ (x = 0 . 2 5 - 0 . 6 5 ) ; * the t r i g o n a l (or 
r h o m b o h e d r a l ) p h a s e wi th t he o r d e r e d c a r b o n a t o m s l ead ing to the c h e m i c a l 
f o r m u l a Y2C. When we d i s c u s s y t t r i u m h y p o c a r b i d e in g e n e r a l o r a m i x e d 
p h a s e c o n s i s t i n g of t h e s e two d i f fe ren t s t r u c t u r e s , we u s e a g e n e r a l i z e d 
s y m b o l YC^. The cub ic p h a s e is f r e q u e n t l y deno ted by YC^ (cubic) o r by 
" the cub ic YCx." w h e r e a s the t r i g o n a l p h a s e is r e p r e s e n t e d by Y2C, imp ly ing 
a s t r u c t u r a l l y de f inab le c a r b o n con ten t . A l s o , we e m p l o y the t e r m i n o l o g y 
"cub ic s u p e r l a t t i c e , " wh ich r e f e r s to the cubic s t r u c t u r e hav ing the u n i t - c e l l 
l eng th tw ice tha t of the cub ic YC^^. 

The c r y s t a l s t r u c t u r e of s c a n d i u m h y p o c a r b i d e h a s r e c e n t l y b e e n 
r e p o r t e d to h a v e an o r d e r e d , s u p e r s t r u c t u r e N a C l - t y p e cubic co n f i g u ra t i o n 
( R a s s a e r t s et a l . , 1967). H o w e v e r , t h e i r X - r a y powder da t a a r e m o r e r e a 
sonab ly i n t e r p r e t a b l e in t e r m s of the t r i g o n a l Y jC- type s t r u c t u r e . Our 
p r o p o s e d s t r u c t u r e is d e s c r i b e d in the Appendix . 

Th i s w o r k w a s i n i t i a t ed as a p a r t of our c r y s t a l - and m a g n e t i c -
s t r u c t u r e s t u d i e s of m e t a l c a r b i d e s . So fa r , the following r e s u l t s h a v e b e e n 
r e p o r t e d : the c r y s t a l s t r u c t u r e s of CaC2. YCj, LaC2, LUC2, and La jCj , a l l 
at r o o m t e m p e r a t u r e ; the c r y s t a l s t r u c t u r e s and p a r a m a g n e t i c s c a t t e r i n g 
a n a l y s e s at r o o m t e m p e r a t u r e of YbC2, CcjCs, P r j C s , and TbzCs; the c r y s t a l 
and m a g n e t i c s t r u c t u r e s of CeC2, NdCz, P r C j , T b C j , H0C2, DyC2, and UCj in 
the r a n g e f r o m r o o m to l i q u i d - h e l i u m t e m p e r a t u r e s . Among t h o s e c i t ed 
above , by m e a n s of n e u t r o n d i f f rac t ion , the m a g n e t i c sp in a l i g n m e n t h a s b e e n 
found in CeCz, NdCz, P r C 2 , T b C j , HoCj , and DyC2 at low t e m p e r a t u r e s , and 
t h e i r sp in s t r u c t u r e s have s u b s e q u e n t l y b e e n d e t e r m i n e d . P u b l i c a t i o n s 
r e l a t e d to t h e s e s u b j e c t s a r e l i s t e d in the R e f e j e n c e s . 

In a l l of the c a r b i d e s m e n t i o n e d a b o v e , the c a r b o n a t o m s a r e d i m e r -
ized , so tha t the s t r u c t u r e c o n s i s t s of the m e t a l a t o m s and C2 m o l e c u l e s . 
The n e u t r o n c r y s t a l - s t r u c t u r e a n a l y s e s h a v e r e v e a l e d s o m e i n t e r e s t i n g 
s y s t e m a t i c r e l a t i o n s a m o n g the i n t e r a t o m i c d i s t a n c e s . A s i m p l e , yet t y p i c a l , 
e x a m p l e is t ha t the i n t r a m o l e c u l a r C - C d i s t a n c e b e c o m e s l o n g e r a s the 
m e t a l l i c v a l e n c e i n c r e a s e s . The n e u t r o n m a g n e t i c a n a l y s i s h a s h a r v e s t e d a 
v a r i e t y of new i n f o r m a t i o n : for e x a m p l e an a b n o r m a l v a l e n c e s t a t e of Yb in 
YbCj and of Ce in C e j C j ; the c r y s t a l - f i e l d ef fec ts upon m a g n e t i c a l l y a c t i v e 
e l e c t r o n i c l e v e l s ; s t r o n g a n i s o t r o p i c exchange i n t e r a c t i o n s in the m a g n e t i c 
sp in a l i g n m e n t . 

We have b e e n ex tend ing ou r p r o g r a m to the c a r b i d e s con ta in ing 
i n t e r s t i t i a l - t y p e c a r b o n a t o m s s o a s to p r o v i d e f u r t h e r d a t a about m e t a l l i c 
c a r b i d e s , of wh ich t h i s r e p o r t i s an e x a m p l e . An e l a b o r a t i o n of s o m e t o p i c s 

*This scruciurc was proposed by the discoverer of this compound, Spedding et al.. 1958. 
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included in Ch. VII. It should be noted h e r e tha t L a l l e m e n t (1966) h a s 
c a r r i e d out an ex tens ive m a g n e t i c - s u s c e p t i b i l i t y s tudy on RECx. * 

Recent ly , l o w - t e m p e r a t u r e n e u t r o n e x p e r i m e n t s have r e v e a l e d the 
ex i s t ence of m a g n e t i c a l l y o r d e r e d p h a s e s in ErC2, Tb jCj , H02C3, and the 
hypoca rb ide of Tb. H e r e , the Tb h y p o c a r b i d e is i s o s t r u c t u r a l to YCx. 
Both the c r y s t a l - and m a g n e t i c - s t r u c t u r e a n a l y s e s of TbCx h a v e b e e n h a m 
p e r e d b e c a u s e only powder d i f f ract ion da ta have been a v a i l a b l e . Th i s diff i
culty no longer e x i s t s , for the c r y s t a l s t r u c t u r e s of YCx have un ique ly been 
d e t e r m i n e d as r e p o r t e d h e r e . The r e s u l t s of TbCx will be pub l i shed in due 

c o u r s e . 

The s t a t i s t i c a l e r r o r s of the m e a s u r e d q u a n t i t i e s in th i s r e p o r t a r e 
e x p r e s s e d in t e r m s of the s t a n d a r d dev ia t ion u n l e s s o t h e r w i s e noted. 

The symbol RE is used to indicate rare earth. 
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II. CHRONICLE OF STUDIES 

A. Ames Period (1958-1960) 

About 1955-1957 at Iowa State University, Ames, K. Gschneidner, J r . , 
under the supervision of F. H. Spedding and A. H. Daane, was working on his 
thesis subject, the r a r e - e a r t h and carbon system. Their study (Spedding et al . , 
1958) revealed, among other new observations, the existence of the hypocar
bides of yt tr ium and of the heavy r a r e earths from Sm to Lu, all of which 
are frequently represented here by RECx. Since x had a value in the vicinity 
of 1/3, Gschneidner called them the t r i - r a r e - e a r t h carbide. Our terminology, 
hypocarbide, is due to Lallement (1966). Some authors employ "subcarbide" 
for the same. Our generalization includes yttrium among the " r a r e ear ths ." 

Spedding et al. (1958) have reported that the X-ray powder diffrac
tion data of these hypocarbides could be reasonably interpreted on the basis 
of a face-centered cubic lattice of the r a r e - e a r t h atoms. The X-ray sca t te r 
ing powder of carbon is much smaller than those of ra re ear ths . Nonetheless, 
the X-ray powder analysis on the hypocarbide of the lightest metal in the 
se r i e s , YCx, could distinguish whether the carbon atoms occupy the octahe
dral or te t rahedra l interst i t ia l holes in the yttr ium matrix. It turned out 
that the former case is strongly favored. Hence, the resulting s t ructure is 
of the NaCl type with randomly distributed vacancies in the carbon atom 
sites, or simply another Hagg's carbide. However, Gschneidner 's photo
graphs had a number of very weak extra reflections which were assumed to 
be due to some unknown impuri t ies . These extra reflections very likely 
originated from the coexisting trigonal Y2C, as described later . 

For locating the carbon atoms, the neutVon diffraction technique 
offers a powerful tool, since the neutron scattering amplitude of carbon is 
comparative to those of r a re ear ths . The neutron diffraction studies of the 
r a r e - ea r th carbides including YCx and TbCx were then initiated. With the 
samples provided by Daane and Gschneidner, Atoji, then also at Iowa State, 
made severa l brief visi ts to Argonne and Oak Ridge during 1958- 1959 for 
carrying out neutron experiments at these National Laboratories . 

The neutron powder pat terns of the r a r e - ea r th hypocarbides clearly 
exhibited severa l prominent extra reflections, some of which appeared to be 
indexable by doubling the X-ray cubic unit-cell dimension. The neutron pat
terns were of low resolution, and the overlapped peaks were resolved by 
means of a rather elaborate curve-fitting technique (Atoji, 1961; Atoji and 
Williams, 1961). A set of observed data was then subjected to numerous 
t r i a l s t ruc tu res . Symmetr ies of the t r i a l models covered from cubic down 
to t r ic l inic by placing the carbon atoms in various ordered or d isordered 
manners . None of the models rendered a completely satisfactory agreement 
with the observed data. The reason is now clear. The observed pat tern is 
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composed of both the cubic and t r i g o n a l r e f l e c t i o n s ( s ee Ch. VI), w h e r e a s 
al l the t r i a l a n a l y s e s w e r e c a r r i e d out on the a s s u m p t i o n tha t a s ing le p h a s e 
ex is ted . 

B. Argonne T r i a l P e r i o d ( I960-1965) 

The p r o g r a m moved f rom Iowa Sta te to A r g o n n e in I960 following 
the t r a n s f e r of Atoji , who had been ac t i ve ly involved in the c o n s t r u c t i o n of 
an au tomat i c neu t ron d i f f r a c t o m e t e r , p a r t i c u l a r l y du r ing 1960-1962 . N e v e r 
t h e l e s s , about a dozen addi t iona l s i n g l e - p h a s e m o d e l s w e r e e x a m i n e d , with 
e m p h a s e s on the cubic , t r i g o n a l , and hexagona l c o n f i g u r a t i o n s . A cubic 
model which s e e m e d to give the b e s t a g r e e m e n t was r e p o r t e d at the Vil lanova 
Conference of the A m e r i c a n C r y s t a l l o g r a p h i c A s s o c i a t i o n (Atoji , 1962a). This 
mode l cannot be c o r r e c t b e c a u s e of the s i n g l e - p h a s e a s s u m p t i o n , but it h a p 
pened to be v e r y much iden t i ca l to the r e p o r t e d s t r u c t u r e of ScjC pub l i shed 
in 1967 (see Appendix for our r e i n t e r p r e t a t i o n on the SC2C da ta ) . 

In e a r l y 1963, an X - r a y d i f f rac t ion uni t was a c q u i r e d . A l s o , the new 
neut ron d i f f r a c t o m e t e r , with a high peak r e s o l u t i o n , was r e a d i l y a v a i l a b l e . 

Consequent ly , c o m p l e t e r e w o r k on YCx and TbCx ^ a s in i t i a ted , us ing 
both X - r a y and neu t ron m e t h o d s . The s a m p l e s w e r e f r e s h l y p r e p a r e d by 
J. L. M o r i a r t y of the Lunex Company . F i r s t l y , the X - r a y p o w d e r pho tographs 
of the Lunex TbCx w e r e t aken . The X - r a y powder l i n e s w e r e m a r k e d l y 
spotty, sugges t ing of f a i r - s i z e d s i n g l e - c r y s t a l g r a i n s in the Lunex a r c - m e l t e d 
but tons . 

At about th is t i m e , Yves J e a n n i n was v i s i t i ng A r g o n n e f r o m F r a n c e . 
J e a n n i n and Atoji s e l e c t e d a s m a l l s a m p l e p i e c e f r o m the c r u s h e d TbC 
button and i n s e r t e d it into a t h i n - w a l l e d p y r e x c a p i l l a r y . The c a p i l l a r y was 
then mounted on an X - r a y p r e c e s s i o n c a m e r a , and the d i f f rac t ion p a t t e r n 
was examined to s ee w h e t h e r or not a good s ing le c r y s t a l had been obtained. 
The p r o c e s s was pa t i en t ly r e p e a t e d . M o r e than a s c o r e of the c a p i l l a r i e s 
w e r e m a d e , and n e a r l y a h u n d r e d of the l i n i n g - u p d i f f rac t ion p a t t e r n s w e r e 
taken. About a dozen s ing le c r y s t a l s l a r g e enough for the X - r a y method w e r e 
found. However , a l l gave b l u r r e d d i f f rac t ion s p o t s , imply ing l a r g e i n t e rna l 
s t r a i n s . T h e r m a l annea l ing could not r e l i e v e the c r y s t a l s f rom s t r a i n s . 

This s t age l a s t e d n e a r l y two mon ths ( M a y - J u l y , 1963). It s e e m e d 
that a re f ined , i m p r o v e d powder me thod would be the bes t a p p r o a c h . 
Jeannin f inished h i s v i s i t i n g a s s i g n m e n t a round th is t i m e , and D. T r e s s i d e r 
s t a r t e d to a s s i s t the p r o g r a m . 

Consequen t ly , the n e u t r o n powder dif f ract ion p a t t e r n s of YCx and 
TbCx w e r e t aken aga in , us ing the h i g h - r e s o l u t i o n d i f f r a c t o m e t e r . A l s o , j u s t 
for checking the p u r i t y , the Lunex YCx was examined by the X - r a y m e t h o d . 
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Surprisingly, the very first X-ray sample happened to be a good s t ra in-f ree 
single crystal (Oct 1963). It was subsequently found that the Lunex YCx 
buttons are full of good single crystals having a size almost ideal for the 
X-ray technique, 

A single crystal of YCx having approximately cylindrical shape was 
selected and aligned on a precess ion camera . Strong reflections employed 
for lining up the crystal clearly indicated a cubic symmetry, and the mea
sured lattice constant was in good agreement with Gschneidner 's value 
(Spedding et al. , 1958). Then a set of diffraction photographs for several 
principal rec iprocal- la t t ice zones were taken with different time exposures. 

The long-exposure films showed a number of weak additional reflec
tions which appear to lie midway between the strong reflections, so that the 
NaCl-type cubic cell dimensions should be doubled in all directions. How
ever, the intensities of these additional reflections exhibited a much lower 
symmetry than cubic. We shall tentatively call these weak superlat t ice-l ike 
reflections "noncubic reflections". 

So as to determine the symmetry associated with the noncubic reflec
tions, the experiment was extended to other zones. Even with a very long 
exposure, the noncubic reflections were still weak in intensity. For some 
zones, they exhibited certain pseudosymmetr ies , such as a m i r r o r plane, 
with a few violating reflections. For some other zones, there is hardly any 
symmetry at all. Hence, the symmetry of the noncubic reflections appeared 
to be as low as t r ic l inic . Consequently, almost all accessible zones including 
the higher reciprocal- la t t ice levels were carefully examined using the 
p recess ion-camera technique. This complete survey experiment took nearly 
three months (Nov 1963 to Jan 1964). , 

Diffraction-intensity measurements were made at least twice for each 
reflection on different occasions. The number of individual visual measu re 
ments was as many as 9,000. The resultant intensity values were then 
intercorrela ted using a stat ist ical averaging technique. A final set of inten
sity data was thus obtained. 

Around this t ime, an attempt was made to obtain more prec ise lattice 
constants. The measurements involved the distances among the diffraction 
spots. Astonishingly enough, it was found that some noncubic reflections 
did not lie exactly at the midpoint between the strong cubic reflections. The 
shift from the cubic superlatt ice position is very small but is detectable 
under careful observation. 

It was then clear that to find the cause of this i r regular i ty the mea
surement had to be carr ied out on these small shifts, both in its magnitude 
and direction. However, it was not an easy task to locate the centroid or 
fiducial edges of those weak noncubic reflections. 
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An opt ica l d e n s i t o m e t e r was u s e d to s ee w h e t h e r p r e c i s e m e a s u r e 
m e n t could be c a r r i e d out. The d e n s i t o m e t e r t r a c e w a s of d i s a s t r o u s l y p o o r 
qual i ty b e c a u s e of low s i g n a l - t o - n o i s e r a t i o . A t r a v e l i n g m i c r o s c o p e w a s 
a l so t r i e d out; s i m i l a r difficulty was e n c o u n t e r e d . E v e n t u a l l y , it w a s found 
that a s taged , l ow-magn i f i ca t i on c o m p a r a t o r was b e s t su i t ed for t h i s p u r p o s e . 
The s t rong cubic r e f l ec t i ons w e r e used as the f iducia l po in t s in m e a s u r i n g 
the shift magn i tude . 

The magn i tude of the shift to be m e a s u r e d w a s in the r a n g e f r o m 
0 02 to 0.7 m m , and s y s t e m a t i c c o r r e l a t i o n s among the shif t ing m o d e s could 
be m a d e only when the a c c u r a c y of the m e a s u r e m e n t w a s b e t t e r than about 
±0.05 m m . E s t i m a t e d m a x i m u m e r r o r in the ind iv idua l v i s u a l m e a s u r e m e n t 
was as l a r g e as ±0.3 m m . Hence , t h e r e w a s no cho ice but to m a k e as m a n y 
m e a s u r e m e n t s as p o s s i b l e in o r d e r to d e c r e a s e the s t a t i s t i c a l e r r o r . P a i n s 
taking m e a s u r i n g work was then p u r s u e d . A p p r o x i m a t e l y s ix m e a s u r e m e n t s 
on one speci f ic d i s t ance w e r e c a r r i e d out on d i f fe ren t o c c a s i o n s . M o r e than 
one thousand m e a s u r e m e n t s w e r e m a d e . 

In the i n t e r i m , the L o r e n z - p o l a r i z a t i o n c o r r e c t i o n and the i n t e r z o n e 
c o r r e l a t i o n s on the o b s e r v e d i n t e n s i t i e s w e r e being c a r r i e d out us ing the 
p r o g r a m w r i t t e n by H. G. N o r m e n t (1962). In the c a l c u l a t i o n of the L o r e n z -
p o l a r i z a t i o n fac to r , the noncubic r e f l e c t i o n s w e r e a s s u m e d to be at the cubic 
s u p e r l a t t i c e po in t s . The shif ts a r e so s m a l l tha t the e r r o r c a u s e d by th i s 
a p p r o x i m a t i o n is by no m e a n s s ign i f ican t . 

T h e r e la id a n o t h e r high h u r d l e to c o n q u e r . The c o m p u t e r p r o g r a m 
conta ined a m a j o r e r r o r when appl ied to the p r e c e s s i o n c a s e . C o m m u n i 
ca t ions w e r e exchanged be tween N o r m e n t and Atoj i r e g a r d i n g th i s m a t t e r . 
A p r e s u m a b l y a m e n d e d p r o g r a m was sen t to A r g o n n e f r o m J K a r l e of 
Naval R e s e a r c h L a b o r a t o r y , N o r m e n t had m a d e f u r t h e r c o r r e c t i o n s , 
J . Gvildys of A r g o n n e ' s Appl ied M a t h e m a t i c s Div i s ion h e l p e d wi th r e p r o g r a m -
ming . F ina l ly , the c o r r e c t c o m p u t a t i o n w a s c o m p l e t e d a r o u n d Ju ly 1964 after 
a few months of s t r ugg l i ng . 

In p a r a l l e l to th i s p r o g r a m , the n e u t r o n d i f f r ac t ion s t u d i e s of o the r 
r a r e - e a r t h c a r b i d e s and r e l a t e d compounds w e r e a c t i v e l y p u r s u e d Because 
the p r o b l e m s on YCx s e e m e d u n a t t r a c t i v e l y c o m p l i c a t e d and b e c a u s e o the r 
p r o b l e m s w e r e offer ing m o r e exc i t ing r e s u l t s , i n t e r e s t in the YCx p r o b l e m 
began to fade N e v e r t h e l e s s , the in ten t ion of comp le t i ng the sub jec t m a t t e r 
was n e v e r d i s c a r d e d . 

In the l a t t e r p a r t of 1964, C. P . K e m p t e r of Los A l a m o s Scient i f ic 
L a b o r a t o r y ca l l ed Atoji and a s k e d about the p r o g r e s s on YCx and TbC 
A l s o , K e m p t e r s t a t e d tha t a F r e n c h g roup had jus t pub l i shed a p a p e r on the 
s t r u c t u r e d e t e r m i n a t i o n on RE2C (Dean et a l , , 1964) which yet could not 
expla in the p o w d e r X - r a y p a t t e r n obta ined at Los A l a m o s , Now, the A r g o n n e 
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group became aware that there were at least three groups working on essen
tially the same subject. The Argonne group was, however, the only one who 
had access to the s ingle-crystal data. 

This competition did stimulate the Argonne activity. During 1965, a 
considerable effort was made to find systematic relations among the shifting 
modes of the noncubic reflections. The distance measurements were repeated 
from time to time so as to improve the accuracy. Finally, a relation was 
found and was included in a discussion of the generalized reciprocal lattice 
(Atoji and Gvildys, 1966). At that t ime, the shifting character is t ics were 
thought to be caused by a stacking disorder or the satellitic effect of an anti
phase domain s t ructure . 

In the meantime, the French group corrected their own e r r o r in the 
s t ructure determination of HojC by doubling one of the unit-cell dimensions 
(Lallement, 1966). The positions of the carbon atoms were determined by 
means of neutron diffraction (Bacchella et al., 1966). The resultant s t ruc 
ture is an ordered s t ructure having a trigonal symmetry. AH of the French 
results were entirely based on the powder data. 

The Argonne group had suspected that this s t ructure might still be 
incorrect , since the s ingle-crystal patterns did not confirm the French 
results in the ear l ie r stage of our interpretation. However, our final 
s t ructure of Y2C obtained from the single-crystal data turned out to be 
essentially a reconfirmation of the French result that was deduced from 
the powder data alone. Fortunately, as described later, our study has 
yielded a number of additional, unique structural informations with sub
stantially higher accuracy. 

% 
C. Argonne Final Period (1966-1967) 

Kikuchi started working on this subject in 1966. Still retained was a 
presumption that both cubic and noncubic reflections a re originated from one 
crystal . Fi rs t ly , the small shifts of the noncubic reflections were neglected, 
and it was intended to include them in a refining process . Along this d i rec 
tion, all conceivable models were again tried out more systematically. The 
indices were converted to the hexagonal and rhombohedral symmetr ies to 
see whether or not some accidental extinctions observed in certain zones 
give some hint as regards the s t ructure interpretation. This approach led 
to no place. In fact, the accidental extinctions mentioned above were fre
quently found to contradict one another. Also, possibilities of stacking faults 
and the antiphase domain s t ructure were examined more thoroughly than 
before. A few months passed by without any conclusion. 

When the intensity measurement was being carr ied out in 1963, it 
was noticed that the size of the diffraction spot of the noncubic reflection 
is somewhat smal ler than the strong cubic spot. Therefore, it was always 



16 

in our mind tha t the noncubic r e f l e c t i o n s m i g h t have o r i g i n a t e d f r o m a c r y s 
ta l d i f ferent f r o m that p roduc ing the cubic r e f l e c t i o n s . C e r t a i n twinn ing 
m o d e l s w e r e t r i e d out, but not v e r y t ho rough ly . A l s o , it w a s thought tha t 
the s m a l l e r s i z e s of the noncubic r e f l e c t i o n s m a y be due to the fact t ha t 
t h e s e re f l ec t ions a r e s l igh t ly off f r o m the r e c i p r o c a l p l ane con ta in ing the 
s t rong cubic r e f l e c t i ons . This i n t e r p r e t a t i o n was a l s o futi le in i t s r e s u l t s . 
It then b e c a m e obvious that the i n t e r p r e t a t i o n should have to s t a r t f r o m the 
sh i f t ing-mode a n a l y s i s which had thus far been s t u b b o r n l y avo ided . S u b s e 
quently, it was dec ided to u n d e r t a k e the s h i f t i n g - m o d e a n a l y s i s m o r e 
in tens ive ly . 

Subsequent ly , a n u m b e r of add i t iona l i n t e r r e f l e c t i o n d i s t a n c e s w e r e 
r e p e a t e d l y m e a s u r e d and a l s o t h o s e m e a s u r e d p r e v i o u s l y w e r e r e - e x a m i n e d . 
Va r ious s t a t i s t i c a l t r e a t m e n t s w e r e t r i e d to find p o s s i b l e s y s t e m a t i c m o d e s 
among the m e a s u r e d shift v a l u e s . 

In Apr i l 1967, a s y s t e m a t i c r e l a t i o n was f ina l ly found in the shi f t -
vec to r m a p s , A de ta i l ed account of th i s is g iven in Ch, V.A. E v e n t u a l l y , 
it b e c a m e c l e a r tha t our " s ing le c r y s t a l " is c o m p o s e d of one cubic c r y s t a l 
and four t r i gona l c r y s t a l s with defini te i n t e r c r y s t a l ax ia l r e l a t i o n s . The 
subsequent s t r u c t u r e a n a l y s i s was r e l a t i v e l y s t r a i g h t f o r w a r d , and i t s de t a i l s 
a r e given in Chs , IV th rough VI, 
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III, EXPERIMENTAL 

The sample was prepared by arc-melt ing a compressed mixture of 
99.9% pure yt tr ium metal filings and powdered spectroscopic graphite elec
t rodes . The mixing rat io was 95,69 and 4.31 w/o for yt tr ium and carbon, 
respectively, corresponding to the chemical formula Y3C. The product is 
b rassy metall ic and is so brit t le that it can readily be crushed into powders. 
It decomposes slowly in moist a i r , liberating various hydrocarbon gases. 
Although the decomposition rate of YCx is much slower than that of CaCj, 
all prepara tory and handling procedures were carr ied out in a very dry, 
iner t -gas atmosphere. 

The chemical analysis of arc-mel ted buttons gave 94.0 ± 0.2 and 
4.9 ± 0.1% for Y and total C, respectively. The free carbon was less than 
0.1%. The method of F r aze r and Holzmann (1960) was incorporated in the 
micro determination of carbon. The spectroscopic analysis revealed the 
following impuri t ies , in %: Al, 0.08; Ti, 0.041; Er, 0.03; Cu, 0.02; Na, 0.02; 
all other metallic impuri t ies , 0.03%. Some of these impurities apparently 
canae in during the sample preparation and would be too small a quantity to 
play a significant role in our subject mat ter . To recapitulate, the final 
product as a bulk may be represented by YC0.39 or Yj.jC. 

Single crysta ls mined out from the arc-mel ted buttons were examined 
by the X-ray precess ion-camera technique. The size of the crystal selected 
was approximately a cylinder, 0.17 mm in diameter and 0.22 mm in length. 
The cylindrical axis was nearly paral lel to the [HO] axis of YCx (cubic). 

Precess ion photographs were taken with the use of MoKa radiation. 
The [iTO] axis of YCx (cubic) was set parallel to the spindle or horizontal 
axis of the precess ion camera . A precession angle of 30° was used mostly, 
but smal ler angles, 25 and 21°, were also employed so as to enhance the 
intensities of certain reflections, utilizing different angular dependencies of 
the Lorenz-polarizat ion factor. Successive, timed exposures were made of 
each zone. Because of an extensive intensity range to be measured, the typi
cal time exposures were 0.25, 0.5, 1, 2, 4, 8, 16, 24, 32 and 48 hr. 

Intensities were estimated visually with the aid of standard, timed 
scales prepared from single-crysta l reflections using the sample crystal . 
The intensity range measured was as wide as 1 to 1000 in a relative scale. 
By means of Norment 's computer program (1962), Lorenz and polarization 
factors were applied, and the s t ructure factors were thus obtained. 

The absorption correct ion to the precession data (Burbank and Knox, 
1962) and the spreading and splitting effects of the diffraction spot due to the 
Kfti and Ka2 components happened to be very much reciprocal to each other. 
Hence, no absorption correct ion was applied. Also, no significant extinction 
effect, both pr imary and secondary, was detectable. 

The experimental procedure in the neutron case is described in Ch. VI. 
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IV ANALYSIS ON CUBIC YCx 

A. NaCl-type Model 

As mentioned in Ch. II, our "single crystal" diffraction pattern con
sisted of the cubic and trigonal reflections. The s t ructure analysis of the 
cubic crystal is very elementary Despite this, we shall present the ana
lytical procedure in considerable detail, since it is based on the first single-
crystal data ever obtained in the cubic r a r e - ea r th carbides. 

Let us assume a NaCl-type structure for the cubic YCx. We assume 
that the carbon atoms are randomly absent so that the s t ructure factor is 
obtained by multiplying the carbon contribution by an occupancy factor x 
Hence, the NaCl-type structure factor per unit cell for YCx (cubic) is simply 
given by 

F = 4(fY±xfc), (1) 

where fy and f̂  are the X-ray scattering amplitudes of yttrium and carbon, 
respectively, the positive and negative signs are taken when the (hki) in
dices are all even and all odd, respectively. 

The observed and calculated structure factors are intercorrela ted by 

KF.bs = F e x p | - B ( ^ ) ' } = F,,,,. (2) 

where K is the scale factor and the exponential function is the Debye-Waller 
temperature factor. 

The leas t -squares refinement using the logarithmic conversion of 
Eq. (2), 

^n (F/Fobs) = ^n K + B ( ^ i ^ ) ' , (3) 

was carried out for determining the best values for K and B at a given 
carbon occupancy parameter x. The observed structure factor, Fobs was 
obtained from a weighted average of at least a dozen independent measure 
ments. The calculated structure factors were computed using the Hartree 
atomic scattering factors (Cromer et aj_., 1963), which are listed in Table I 

An overall s tat ist ical discrepancy between Fobs and F^alc is mea
sured either by 

R, = X w|KFobs - F e a l c l / l w K | F o b s (4) 
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or by 

R2 = Y. w ( K F o b s - F c a l c ) ' / Z w K ¥ ^ b s - (5) 

The lat ter is employed preferably here because of its direct relation to the 
leas t - squares residuals . 

TABLE I. Observed and Calculated Structure Factors per Unit Cell for 
the Cubic YCo.48. The calculated values for the case where the carbon 
atoms are placed randomly at the octahedral interstices are designated 
as "NaCl model," and those with the carbon atoms randomly at the tetra
hedral interstices are denoted as "CaFz model." The standard deviations 
on the observed data are given. The atomic scattering factors employed 
are listed so as to facilitate our discussion in the text. 

Indices 

1 11 
200 
220 
311 
222 
4 0 0 

331 
4 2 0 
4 2 2 

511 
333 
4 4 0 
531 
600 
4 4 2 
620 
533 
622 
4 4 4 
711 
551 
640 
642 
553 
820 
644 

F c a l c 
(NaCl model) 

113.1 
120.0 
99.3 
80.7 
84.5 
74.0 
60.3 
63.3 
55.8 
47.3 
47.3 
44.4 
37.8 
40.0 
40.0 
35.8 
30.6 
32.2 
29.2 
24.7 
24.7 
26.2 
23.7 
20.1 
17.5 
17.5 

Fca lc 
(CaFj model) 

112.0 
107.8 

99.3 
84.2 
77.8 
74.0 
62.8 
58.5 
55.8 
49.2 
49.2 
44.4 
39.4 
36.9 
36.9 
35.8 
31.9 
29.7 
29.2 
25.8 
25.8 
24.1 
23.7 
21.1 
16.0 
16.0 

Fobs 

113 .3 ± 4 . 8 

125.9 ± 2.5 
97.3 ± 2.1 
81.3 ± 2.2 
82.2 ± 3.2 
77.2 ± 2.5 
62.3 + 1.2 
61.3 + 2.2 
59.3 ± 1.3 
46.0 ± 1.1 
48.0 ± 2.4 
47.3 ± 1.1 

* 38.0 ± 0.6 
42.3 ± 2.1 
39.0 ± 1.1 
34.0 ± 1.3 
32.5 ± 1.1 
34.0 ± 0.9 
26.2 ± 1.0 
21.6 ± 0.8 
24.3 ± 0.7 
28.0 ± 1.6 
25.2 ± 1.9 
22.3 ± 0.9 
20.1 ± 1.1 
18.3 ± 3.2 

fY 

31.47 
30.36 
26.99 
25.10 
24.58 
22.97 
21.97 
21.70 
20.55 
19.84 
19.84 
18.83 
18.30 
18.19 
18.19 
17.47 
17.07 
16.87 
16.38 
15.90 
15.90 
15.81 
15.34 
14.97 
13.99 
13.99 

fc 

3.84 

3.47 
2.59 
2.24 
2.15 
1.94 
1.84 
1.81 
1.71 
1.66 
1.66 
1.59 
1.57 
1.56 
1.56 
1.52 
1.50 
1.49 
1.46 
1.44 
1.44 
1.43 
1.41 
1.39 
1.32 
1.32 
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A p l o t of R2 a s a f u n c t i o n of x i s n e a r l y a p a r a b o l a h a v i n g a m i n i 
m u m a t X = 0 . 4 4 , f o r w h i c h B = 1 .97 A^. T h i s c u r v e i s s h o w n i n F i g . 1 
a s A L L R E F L E C T I O N S c a s e . H o w e v e r , a t l o w s c a t t e r i n g a n g l e s , t h e o v e r 
l a p p i n g e f f e c t of t h e .8 = 2n t r i g o n a l r e f l e c t i o n s i s s m a l l y e t a p p r e c i a b l e . 
T h e g e o m e t r i c a l a n a l y s i s s u g g e s t e d t h a t t h e i n t e n s i t i e s of t h e f i r s t s i x r e 
f l e c t i o n s g i v e n i n F i g . 2 a n d T a b l e I w e r e s l i g h t l y o v e r e s t i m a t e d o w i n g t o 
t h e o v e r l a p p i n g . W h e n t h e s e s i x r e f l e c t i o n s w e r e d i s c a r d e d i n t h e a n a l y s i s , 
t h e R2 m i n i m u m o c c u r s a t x = 0 . 4 8 , w i t h B = 1 .85 A^. T h e c u r v e l a b e l e d 

Fig. 1 

Determination of the Carbon Occupancy Parameter x in the 
Cubic yCx. The discrepancy factors R2 obtained from the 
least-squares refinement are plotted against various x values. 
The R2 (LOW ANGLE) curve is obtained from the first six re
flections in order of decreasing scattering angle, since the 
intensities of these reflections are slightly overestimated due 
to inclusion of the overlapping, v/eak trigonal reflections. 
All but these first six reflections are free from the trigonal 
reflections and lead to the R̂  (HIGH ANGLE) curve. For the 
R2 (ALL REFLECTIONS) curve, the LOW and HIGH cases are 
treated as a whole. 
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Fig. 2 
A Graphical Representation of Eq. (3). Solid 
line is obtained from the least-squares pa
rameters for the HIGH ANGLE reflections of 
YCo.48 (cubic) (see Fig. 1). Note that the 
first six reflections with (sin e/X)^ smaller 
than 0.175 A"2 lie consistently below the 
solid line. This is due to small contribu
tions from the overlapped J. = 2n trigonal 
reflections. 
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as HIGH ANGLE in Fig. 1 represents this case. The Rz curve for the first 
six reflections is given in Fig. 1 as LOW ANGLE case. These LOW ANGLE 
values, X = 0.48 and B = 1.67 k^, a r e almost identical to the HIGH ANGLE 
case except for the different scale factor. The minimum discrepancy fac
tors a re R, = 7.5, 4.4, and 2.1%, and R2 = 0.63, 0.22 and 0.072%, for ALL 
REFLECTIONS, HIGH ANGLE, and LOW ANGLE cases , respectively In 
this sequence, the ratios among the scale factors a re 0 950, 1.000, and 
0.942, 

An example of the l eas t - squares fitting is shown in Fig. 2 The 
relative intensity contribution of the overlapping trigonal reflections was 
found to be nearly the same in all of the first six reflections This mani
fests itself in the LOW ANGLE and ALL REFLECTIONS paramete rs being 
very closely equal to those for the HIGH ANGLE case (except for the dif
ferences in the scale factor). 

The best set of pa ramete r s thus obtained are x = 0.48, giving the 
formula YCo,4e and B = 1.85 A^. No strong evidence as regards the differ
ence in the thermal pa rame te r s of Y and C was detected. The final values 
of Fcalc and Fobs a re listed in Table I, where the data for the first six r e 
flections were obtained using the best pa ramete r s for the LOW ANGLE case, 
and the remainders were computed using the HIGH ANGLE paramete rs 

B Other Models 

Let us now compare the NaCl model with the CaFj model, the latter 
of which places the carbon atoms in the te t rahedral in ters t ices of the yttr ium 
matr ix . We call the NaCl and CaFz models the octahedral and te t rahedral 
cases , respectively. The leas t - squares result^ for the te t rahedra l case a re 
also tabulated in Table I. The overall discrepancy factors for the te t rahedra l 
case a re R, = 5 7% and R2 = 0.44%, whereas for the octahedral model R, = 
3.7% and R2 = 0.15%. The discrepancy factor favors the octahedral case, but 
this is hardly conclusive. This small difference between the two models is 
due obviously to a small scattering amplitude of carbon in compariison with 
the yt tr ium scattering amplitude (see Table I). 

A firm support for the octahedral model could be found through the 
analysis given below. For a reflection with h odd, k odd, and i odd, the 
difference between the s t ructure factor per unit cell of the octahedral model 
and that of the te t rahedra l model is equal to -4xfc Hence, we have 

Z {Fcalc(°ctahedral) - Fcalc( te t rahedral)} = ^ (-4xfc) = -120, (6) 

where the summation is car r ied out over the all-odd index reflections in 
Table I excluding the first six reflections. Now, 
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I {Fobs - Fcalc(octahedral)} = 1 = 0 , (7) 

which indicates almost complete agreement on the basis of the octahedral 
assumption On the other hand, 

Z J F o b s - Fealc(tetrahedral)} = -118. (8) 

which is essentially equal to -120 of Eq. (6), lending strong support to the 
octahedral model. 

We extend this type of calculation to the reflections with (h = 4n + 2, 
k = 4n + 2, i = 4n+ 2), those with (h = 4n + 2, k = 4n, £ = 4n), and their equiva
lent reflections For these reflections, we have 

Z'lFcalc^octahedral) - Fcalc( 'e trahedral)} = J Sxt^ = 144 (9) 

This is now compared with 

Z { F o b s - Fcalc(octahedral)} = 4 = 0 (10) 

and 

I J F o b s - Fcalc( tetrahedral)} = 145. (U) 

Again, an excellent endorsement of the octahedral case resul ts The octa
hedral and tetrahedral models are indistinguishable for the reflection types 
(h = 4n, k = 4n, £ = 4n) and (h = 4n, k = 4n + 2, i = 4n + 2). In this category, 

Z{Fobs - Fcaic(octahedral)} = Z { F o b s - F^ai , , ( tetrahedral)} = 33 (12) 

The ideal value for Eq. (12) is zero and the observed small value can well 
substantiate this. 

Similarly, other probable models, ordered or disordered m the car
bon distributions, could be discarded as well, thus conclusively affirming 
the NaCl-type structure for the cubic YC„, 
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A , M u l t i p l e D o m a i n S t r u c t u r e 

In o r d e r t o f a c i l i t a t e t h e d e s c r i p t i o n , w e h a v e e m p l o y e d t h e t e r m i 

n o l o g y " t r i g o n a l " p r e m a t u r e l y i n m a n y o c c a s i o n s . N e e d l e s s t o s a y , i n 

o r d e r t o e s t a b l i s h t h e c r y s t a l s y m m e t r y , o n e h a s t o d e t e r m i n e n o t o n l y t h e 

g e o m e t r y of t h e c r y s t a l l a t t i c e , b u t a l s o t h e s y m m e t r y i n t h e d i f f r a c t i o n i n 

t e n s i t y d i s t r i b u t i o n . T h e l a t t e r c o m e s i n m u c h l a t e r i n t h i s c h a p t e r , b u t t h e 

" t r i g o n a l " t e r m h a s b e e n a n d w i l l a p p e a r f r e q u e n t l y b e f o r e t h e f i n a l s y m 

m e t r y d e t e r m i n a t i o n . 

T h r e e t y p i c a l p r e c e s s i o n p h o t o g r a p h s a r e g i v e n i n F i g s , 3 ( a ) , 4 ( a ) , 

a n d 5 ( a ) . T h e i r e x p l a n a t o r y d i a g r a m s a r e s h o w n i n F i g s , 3 ( b ) , 4 ( b ) , a n d 

5 ( b ) , w h e r e s m a l l d i s p l a c e m e n t s of t h e t r i g o n a l r e f l e c t i o n s f r o m t h e c u b i c 

s u p e r l a t t i c e p o i n t s a r e r e p r e s e n t e d f i g u r a t i v e l y b y m e a n s of a r r o w s w h i c h 

w e f r e q u e n t l y c a l l t h e s h i f t v e c t o r s . 

Fig. 3(a) 
Precession Photograph (zero-level) of the Cubic 
[h.k,-(h+k/2)] Reciprocal-lattice Plane. Both 
the cubic and ttigonal diffraction spots are seen 
here, but the latter spots are hardly visible. All 
trigonal reflections here are originated from the 
Type IV domain (Ref, Fig. 7). 

121-2621 

Fig, 3(b) 
Explanatory Diagram for Fig, 3(a), Small 
circles represent the cubic reflections. Per
tinent principal axes of the cubic and trigonal 
systems ate shown. Arrows point out the 
directions of the shift of the uigonal reflec
tions from the points corresponding to the 
cubic superlattice. The length of an arrow 
is proportional to the amount of the shift and 
is enlarged ten times the distance scaled for 
the cubic reflection partem. The fiducial 
scales are given accordingly. The arrow with 
shaded tip and shaded shaft represents the 
shift vector of the Type IV domain. Also, 
the trigonal reflections with I odd are our 
concern here, since those with I even are 
overlapped with the cubic reflections ot are 
too weak to give reliable data, 
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Fig. 4<a) 

Precession Photograph (zero- level ) of the Cubic 

(hhi) Plane Showing Both the Cubic and Trigonal 

Reflections. The cubic reflections are generally 

stronger in intensity and larger in size in c o m 

parison with the trigonal reflections. 

Fig. 4(b) 

Explanatory Diagram for Fig. 4(a). The t r ig

onal reflections belonging to the Type II and 

III domains appear here. Shaded arrows r ep 

resent the shifting modes of the Type II do

main and open arrows are for the Type III 

domain. The trigonal reflections with i odd 

are treated here. The notations A - 1 , A-2, 

. . . . B-1. B-2 L(lll)^.jjb. and (OOl)^.^ are 

given in conjunction with the lat t ice-constant 

determination of the trigonal structure as i l 

lustrated in Figs. 8 and 9. The shift-vector 

distribution exhibits two twofold axial sym

metries. However, because of different do 

main size, the intensity distribution shows no 

twofold symmetry, but a center of symmetry 

(see text). 
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Fig. 5(b) 
Explanatory Diagram for Fig. 5(a). Tlie shading 
scheme of arrows belonging to the domains II, 
III. and IV are explained in Figs. 3(b) and 4(b). 
An arrow for the Type I domain is shown as a 
bottom-shaded arrowhead with open shaft. A 
large circle encompassing the origin confines a 
blind region, where no reflections are recorded 
owing to the geometrical screening-out in the 
upper-level precession setting. 

121-2688 

Fig. 5(a) 
Precession Photograph (upper-level) of the Zone 
Corresponding to the (h.k,-1/2) Reciprocal-
lattice Plane of the Cubic Phase. Here, no cubic 
reflections appear and the diffraction spots origi
nate from all four trigonal crystals. Also, all 
trigonal reflections observed here should satisfy 
J. odd in (hkt). 
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The v e c t o r d i a g r a m s shown in F i g s . 3(b), 4(b), and 5(b) a r e for the 
t r i g o n a l r e f l e c t i o n s wi th i odd in t h e i r i nd i ce s (hk£), s i nce they do not 
o v e r l a p wi th the cub ic r e f l e c t i o n s . The t r i g o n a l r e f l e c t i o n s wi th I even 
a p p e a r v e r y c l o s e to the cubic r e f l e c t i o n s , and they a r e i n s e p a r a b l e f r o m 
the cub ic r e f l e c t i o n s at low s c a t t e r i n g a n g l e s . At high s c a t t e r i n g a n g l e s , 
the t r i g o n a l r e f l e c t i o n s wi th i even s t a r t to s e p a r a t e out f rom the cub ic 
r e f l e c t i o n . H o w e v e r , the i n t e n s i t y of t he i - e v e n t r i g o n a l r e f l e c t i o n fades 
a w a y v e r y r a p i d l y as the s c a t t e r i n g ang le i n c r e a s e s and b e c o m e s u n a c c e s -
s i b l e to a c c u r a t e m e a s u r e m e n t . Th i s s i t ua t ion is i l l u s t r a t e d in F i g . 6. 
B e c a u s e of r e a s o n s given a b o v e , we dea l with the t r i g o n a l r e f l e c t i o n s wi th 
l, odd only u n l e s s o t h e r w i s e no t ed . 
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General Characteristics of the Scattering-angle Dependence of 
the Intensities of the £ Even and % Odd Reflections of Y2C 
Are Shown Here Using the Structure Factors per Unit Cell for 
the (OOJl) Reflections. The final parameter set was employed 
in the calculation. The H even reflections are much stronger 
than the Ji odd reflections at low scattering angles. In this 
region, the t even reflections are inseparable from the cubic 
reflections. The intensities of ^ even and t odd become 
comparable near 1 = 15, around which the ^ even reflections 
tend to separate out from the cubic reflections. For t > 15, 
the I odd intensities become considerably stronger than the 
^ even intensities. The radial distance on the precession film 
is also given as a reference to the diffraction patterns shown in 
Figs. 3(a) through 5(b). 
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T h e t o p o l o g i c a l a n a l y s i s of t h e s y m m e t r y c h a r a c t e r i s t i c s i n t h e 

s h i f t - v e c t o r d i s t r i b u t i o n h a s p l a y e d a m o s t c r i t i c a l p a r t i n t h e s t r u c t u r e 

a n a l y s i s , a s d e s c r i b e d i n C h . I I . H e r e , o n e m a y s u r m i s e t h e d i f f i c u l t y w e 

e n c o u n t e r e d b y i n s p e c t i n g F i g s . 3 ( a ) t h r o u g h 5 ( b ) , w h i c h r e p r e s e n t a t r a n 

s i t i o n f r o m a s i m p l e c a s e t o a m o r e c o m p l e x c a s e . I n s o m e o t h e r z o n e s , 

t h e v e c t o r m a p s a r e b y f a r m o r e c o m p l e x t h a n t h e o n e s h o w n i n F i g . 5 ( b ) . 

T h e s e e x c e e d i n g l y c o m p l e x c a s e s a r e d i f f i c u l t t o i l l u s t r a t e a n d a r e n o t 

s h o w n . 

A s r e g a r d s t h e s h i f t i n g m o d e , i t w a s i m m e d i a t e l y s e e n t h a t t h e m a g 
n i t u d e of t h e s h i f t i s l a r g e r , o n t h e a v e r a g e , a s t h e s c a t t e r i n g a n g l e i n 
c r e a s e s . In t h e r e c i p r o c a l p l a n e s c o n t a i n i n g t h e o r i g i n of t h e r e c i p r o c a l 
l a t t i c e , b o t h t h e d i r e c t i o n a n d t h e m a g n i t u d e of t h e s h i f t i n g v e c t o r e x h i b i t 
t w o t w o f o l d a x i a l s y m m e t r i e s . H o w e v e r , n o s u c h s y m m e t r y e x i s t s i n t h e 
i n t e n s i t y . T h e s e r e g u l a r i t i e s w e r e a l l w e c o u l d f i n d a n d p r o v i d e d n o h e l p 
i n r e v e a l i n g t h e o r i g i n of t h e s h i f t i n g . 

A b r e a k t h r o u g h c a m e a b o u t w h e n w e f o u n d t h a t t h e d i r e c t i o n of t h e 
s h i f t i s p a r a l l e l o r a n t i p a r a l l e l t o t h e c u b i c b o d y - d i a g o n a l a x e s o r t h e i r 
p r o j e c t i o n s o n t o t h e r e c i p r o c a l z o n e of s p e c i f i c c o n c e r n . T h i s e v e n t u a l l y 
r e v e a l e d m u l t i d o m a i n a x i a l r e l a t i o n s w h i c h c o u l d e x p l a i n u n a m b i g u o u s l y 
a l l t h e o b s e r v e d s h i f t s a n d i n t e n s i t i e s . T h i s m u l t i d o m a i n s t r u c t u r e i s 
d e s c r i b e d b e l o w . 

A s d e s c r i b e d i n C h . I V , o u r " s i n g l e c r y s t a l " c o n s i s t s of o n e c u b i c 
s i n g l e c r y s t a l a n d f o u r t r i g o n a l s i n g l e c r y s t a l s . T h e a x i a l i n t e r r e l a t i o n s 
a m o n g t h e c u b i c c r y s t a l a n d t h e t r i g o n a l c r y s t a l s a r e i l l u s t r a t e d i n F i g . 7, 
w h e r e t h e [OOl] a x e s of f o u r t r i g o n a l c r y s t a l s a r e d i s t i n g u i s h e d b y m e a n s 
of s u b s c r i p t s : t r i - I , t r i - I I , e t c . T h e o r i e n t a t i o n a l c o r r e l a t i o n s b e t w e e n 
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the cub ic c r y s t a l and the t r i g o n a l c r y s t a l I a r e a s fo l lows: (a) the ( H I ) 
p l a n e of the cub ic c r y s t a l l i e s p a r a l l e l to the (001) o r c - p l a n e of_the t r i g o 
n a l c r y s t a l ; (b) the cubic [iTO] ax i s i s p a r a l l e l to the t r i g o n a l [ l l O ] a x i s . 
The c r i t e r i o n (a) de f ines the c o h e r e n t i n t e r p h a s e b o u n d a r y b e t w e e n the 
cub ic c r y s t a l and the t r i g o n a l c r y s t a l I ( s ee Ch. VII .C) . The c - a x e s of the 
t r i g o n a l c r y s t a l s II, III, and IV a r e p a r a l l e l to t he [ T i l ] , [ H i ] , and [ i l l ] 
a x e s of the cub ic c r y s t a l , r e s p e c t i v e l y . 

Fig. 7 

Axial Relationships among the Trigonal Crystals 
Relative to the Cubic Crystal. The cubic axes 
have subscripts "cub." The trigonal £-axes of 
Type-I, -II, -III. and -IV domains are given 
with the subscripts tri-I. tri-II. ui-IU, and 
tri-IV, respectively. 

We ca l l the vo lume occup ied by the t r i g o n a l c r y s t a l I the d o m a i n of 
Type I, and t h i s n o m e n c l a t u r e e x t e n d s to o t h e r d o m a i n s . The v o l u m e s of 
four d o m a i n s a r e d i f fe ren t f r o m one a n o t h e r , c aus ing a d i s m a y i n g a s y m 
m e t r y of i n t e n s i t y in the p r e c e s s i o n p h o t o g r a p h s . 

B. P r e c i s i o n D e t e r m i n a t i o n of L a t t i c e P a r a m e t e r s 

S m a l l sh i f t s of the t r i g o n a l r e f l e c t i o n s a s shown in F i g s . 3(b), 4(b), 
and 5(b) i m p l y tha t t he d i m e n s i o n s of the t r i g o n a l unit ce l l a r e a p p r o x i 
m a t e l y g iven by a t r i = a^^^y/Vz and Cji-i = Z ^ T aj-ub- w h e r e t he s u b 
s c r i p t s a b b r e v i a t e t r i g o n a l and c u b i c . The p r e c i s e d e t e r m i n a t i o n of the 
t r i g o n a l l a t t i c e c o n s t a n t s w a s not an e a s y t a s k , s i n c e the t r i g o n a l r e f l e c 
t i o n s a r e g e n e r a l l y v e r y weak ( see Ch. I I .B) . 

T h e s h i f t - v e c t o r m a p s F i g s . 3(b), 4(b), and 5(b) show tha t t he 
shif t ing d i r e c t i o n s a r e a long the cubic p r i n c i p a l a x e s . In s o m e o t h e r z o n e s , 
t he v e c t o r d i r e c t i o n s have no s i m p l e r e l a t i o n s wi th the p r i n c i p a l a x e s . 
N o n e t h e l e s s , a r e l a t i v e l y s t r a i g h t f o r w a r d deduc t ion f rom the s h i f t - v e c t o r 
a n a l y s i s w a s tha t the a ax i s of t he t r i g o n a l c r y s t a l should be v e r y c l o s e l y 
equa l to t he (110) spac ing of t he cubic c r y s t a l . The s t a t i s t i c a l n u m e r i c a l 
t r e a t m e n t to to a ( t r i g o n a l ) = 3.617 ± 0.002 A, wh ich t u r n e d out to b e , w i th in 
the a c c u r a c y c i t ed above , equa l to the d - s p a c i n g of the cubic (110) p l a n e s . 

The £ l a t t i c e cons t an t of the t r i g o n a l p h a s e w a s d e t e r m i n e d a s fol
l o w s . F o r i n s t a n c e , we s e l e c t the s h i f t - v e c t o r d i s t r i b u t i o n of the T y p e - I I 
d o m a i n a s shown by the shaded a r r o w s in F i g . 4(b) . The shaded a r r o w 
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v e c t o r s a r e p a r a l l e l o r a n t i p a r a l l e l to the cubic [111] a x i s . The v e c t o r s 
labeled as A - 1 , A - 2 , A - 3 , e t c . , a r e poin t ing t o w a r d the cub ic r e f l e c t i o n s 
( i l l ) , (222), (333), e tc . , r e s p e c t i v e l y . The m a g n i t u d e s of the shif ts of A - 1 , 
A - 2 , and A - 3 a r e p lot ted in F i g . 8. B e c a u s e of a l a r g e u n c e r t a i n t y , t he 
shift magni tude of the r e f l ec t ion A - 4 is not g iven in F i g . 8. The t r i g o n a l 
indices of A - 1 , A-2 , and A - 3 a r e (115), (227), and (339), r e s p e c t i v e l y . 
The re fo re , in F ig . 8, the poin ts r e p r e s e n t i n g the shift m a g n i t u d e s of t h e s e 
t h r e e re f lec t ions should lie on a s t r a i g h t l ine . The i n t e r c e p t i n g point b e 
tween this line and the t r i g o n a l [OOl] ax i s g ives the shift m a g n i t u d e of the 
t r igona l (003), A], as i l l u s t r a t e d in F i g . 8. L i k e w i s e , the da ta on B-1 
through B-6 led to the Aj va lue [ see bo th F i g s . 4(b) and 8] . A se t of A 
values was thus obta ined. 

[OOTl„i-n 

-0-2 
I333}„„ (222>,„t l ' l l l „ j I0001,.„„ ( H D ^ B ( 2 2 2 I „ J (3531„t 
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Fig. 8. Observed Magnitudes of the Shifts for the Domain-II Trigonal Re
flections Which Appear in the Fig. 4(b) Zone Are Treated Here. 
The designations A-1, A-2, etc., are referred to the reflections 
with the same designations in Fig. 4(b). The statistically aver
aged shift values Aj, A2, etc., are correlated in Fig. 9. 

A l e a s t - s q u a r e s t r e a t m e n t has been e m p l o y e d in obta in ing the p a 
r a m e t e r s of the s t r a i g h t l ines of F i g . 8. As a c o r o l l a r y , for i n s t a n c e , the 
shift magni tude A3 is m o r e r e l i a b l e than the da ta for (0,0,T3) a l o n e . Now, 
these A values r e f e r r i n g to r e s p e c t i v e I's in (00£) a r e shown in F i g . 9 
which d e m o n s t r a t e s exce l len t l i n e a r r e l a t i o n s h i p s in e a c h A s e r i e s . The 
AL value as given in F ig . 9 was obta ined wi th a high a c c u r a c y b e c a u s e of 
the large nuinber of o b s e r v e d data employe_d in the da ta deduc t ion . The 
AL value has the following r e l a t i on with L ( l l l ) c u b . r e p r e s e n t i n g the a v e r 
age d is tance on the film be tween the cubic r e f l e c t i o n s , (hk .Q, and 
( h ± l , k ± l , f,±l); L ( n i ) ^ ^ j , + AL = L(b06) t r i , w h e r e L(006) t r i i s the d i s 
tance between (hk t) and (h, k, i + 6) on the f i lm. The o b s e r v e d r e s u l t s a r e 



given in F i g . 9. The r a t i o b e t w e e n L ( T l l ) c u b ^"d L(006) t r i i s 1.0134 ± 

0 .0009 , wh ich g ive s t he r a t i o b e t w e e n the i n t e r p l a n a r s p a c i n g for t he cub ic 

(111) p l a n e s and tha t for the t r i g o n a l (006) p l a n e s . 
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Plots of the A Values in Fig. 8 against t 
in the Trigonal Indices (00 1). L( i l l )c j , 
indicates an average distance between two 
nearest cubic diffraction spots along the 
til l lcub direction. UOOe);,,. which is 
equal to L(lll)cub + '^L. corresponds to 
the distance between two nearest trigonal 
spots along the (Tulcub direction. 
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The i n t e r r e f l e c t i o n s d i s t a n c e s on the p r e c e s s i o n p h o t o g r a p h a r e in 

f luenced by a s l igh t e c c e n t r i c i t y in the c r y s t a l s e t t i ng , v a r i a t i o n s in the fi lm 

m o u n t , d i f f e r e n c e s in f i lm s h r i n k a g e s , e t c . Hence , the da ta p r o c e s s i n g was 

c a r r i e d out u s ing the m e a s u r e d v a l u e s ob ta ined f rom the s a m e f i lm. M o r e 

o v e r , the r a t i o L ( T l l ) c u b v e r s u s L(006) t r i i s , to a l a r g e ex ten t , f ree f rom 

the e x p e r i m e n t a l e r r o r s d e s c r i b e d above . 

B a s e d on th i s p r i n c i p l e , the da ta p r o c e s s i n g was c a r r i e d out wi th 
five r e l i a b l e s e t s of da ta and the r e s u l t s a r e s u m m a r i z e d in Tab le II, w h e r e 
unbe l i evab ly l a r g e n u m b e r s of m e a s u r e m e n t s employed in the da ta deduc t ion 

TABLE II Data Employed for Determining the Ratio between the Cubic (111) 
Spacing and the Trigonal (006) Spacing, Leading to a Highly Accurate c- lat t ice 
Constant of the Trigonal St ructure . L ( l l l ) cub '= 'he distance between the cub.c 
(hk£) and (h ± I k ± l , / ± l ) reflections on the precess ion film. L(006)tri is the 
distance between the trigonal (hkf) and (h, k, £ ± 6) reflections and has a relation, 
L(006)tri = L ( l l l ) c u b + '^L. Each group of data was acquired from the same 
film. Slight differences among L(l 1 1 )cub ^" ^ue to the variat ions in the exper i 
mental sett ings as explained in the text. The ra t ios , L ( l l l ) cub versus L(006)tri, 
a re highly rel iable on account of eliminating most of the experimental var ia t ions . 
The standard deviations and the numbers of measurement s employed a re also given. 

Domain 
LdlDcub 

(inm) ( m m ) 

L{006),ri 
(mm) 

L d l D c u b 
L(006)tri 

Number of 
Data 

U 
U 
m 
111 
IV 

14.396 ± 0.008 
14.393 ± 0.009 
14.425 t 0.006 
14.406 ± 0.007 
14.387 ± 0.008 

-0.191 
-0.172 
-0.204 
-0.195 
-0.193 

: 0.004 
: 0.002 
t 0.006 
t 0.004 
t 0.005 

14.205 
14.221 
14.221 
14.211 
14.194 

: 0.009 
: 0.009 
: 0.009 
: 0.008 
: 0.009 

Weighted . \verage 

1.0134 ± 0.0009 
1.0121 ± 0.0009 
1.0143 ± 0.0008 
1.0137 ± 0.0007 
1.0136 ± 0.0008 

1.0132 ± 0.0004 

109 
113 
112 
117 
64 

file:///verage
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should be noted. The final result that we have been after is the weighted 
average on the ratio values for L( l l l )cub versus L(006)tj.j^, It is 1,0132 ± 
0.0004. Using the cubic lattice parameter obtained by means of the powder 
technique, one finally obtains the trigonal £ spacing. 

The lattice parameters of the trigonal s tructure are thus given as 
follows: 

In the trigonal system, we have 

atri = 3.617 ± 0.002 A; 

£tri = IT-^b ± 0.01 A, 

S t r iA t r i = 4.965 ± 0.003. 

In the rhombohedral system, the lattice parameters are 

arhomb = 6.339 ± 0.003 A; 

a = 33°09' ± 4' 

These results are of very high accuracy on account of the weak reflections 
with which the measurements were carr ied out. Our YjC values may be 
compared with the HojC data, aj-homb = 6.248 ± 0.010 A and a = 33°04' i- 20' 
(Bacchellaetal. , 1966). 

In Fig. 9, the intercepting value of the straight line with vertical 
axis is supposed to be zero, but it is -0.15 mm. This difference is very 
small but significant. It is partly explained by the absorption effect 

C. Determination of Space Gro up 

A survey of the indices of the observed reflections failed to give any 
general extinction rule, except that the observed indices satisfy -h+k+i = 3n, 
implying the trigonal symmetry. 

About 9,000 independent intensity measurements of the trigonal r e 
flections with i odd were treated by the following crosshnkmg-weighted 
statistical averaging processes: an intrazone normalization on different 
time-exposured intensities, interzone intercorrelat ions; a data deduction 
using Friedel 's law equivalency. The cubic reflections were frequently 
employed in the intensity standardization. 

Since there are four trigonal s ingle-crystal domains having differ
ent axial orientations, we obtained four sets of intensity values per reflec
tion. The ratios among these four were taken, and the averages of these 
ratios were used to intercorrelate the intensity data of four domains. 



T h e f inal i n t e n s i t y s e t w a s a f f i r m a t i v e of the t r i g o n a l s y m m e t r y . 
We thus e s t a b l i s h e d the t r i g o n a l s y m m e t r y by a l l m e a n s . S ince no g e n e r a l 
e x t i n c t i o n w a s o b s e r v e d , t he p r o b a b l e s p a c e g r o u p i s Dj - R32 (No. 155), 

R 3 m (No. 166) ( I n t e r n a t i o n a l T a b l e s , 1952). C^v - R 3 m (No. 160), o r D^j 

T h e i n t e n s i t y da ta w e r e then a v e r a g e d out, u t i l i z ing the t r i g o n a l 
e q u i v a l e n c y . S u b s e q u e n t l y , the o b s e r v e d s t r u c t u r e f a c t o r s w e r e ob ta ined , 
t h e s e a r e l i s t e d in T a b l e III, w h e r e 42 o b s e r v e d s t r u c t u r e f a c t o r s w e r e d e 
duced f r o m a p p r o x i m a t e l y 9,000 i n t e n s i t y m e a s u r e m e n t s (an a v e r a g e of 
about 200 m e a s u r e m e n t s p e r s t r u c t u r e factor ' . ) . 
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T A B L E III O b s e r v e d and C a l c u l a t e d X - r a y S t r u c t u r e F a c t o r s 
p e r Unit Ce l l of the I Odd R e f l e c t i o n s of the T r i g o n a l YiC. The 
r e f l e c t i o n s m a r k e d wi th s ing le a s t e r i s k w e r e not inc luded in the 
f inal l e a s t - s q u a r e s r e f i n e m e n t . Double a s t e r i s k s d e s i g n a t e un
o b s e r v e d r e f l e c t i o n s . A v e r a g e s t a n d a r d dev ia t ion of the o b s e r v e d 
s t r u c t u r e f a c t o r s i s about 5%. 

I n d i c e s 

003* 
101* 
015 
009* 
107 
113* 
0 2 1 * 

0,1,11 
20 5 
119 
027 

1,0.13 
0 ,0 ,15* 

2 1 1 * 
2,0,11 

125 
217 

0 ,2 ,13 
303* 

0,1 .17 
1,1,15 
1,2.11 

309 
1,0,19 
2 ,1 ,13 

223* 
2,0 17 

131* 

f c a l c 

- 4 9 , 8 
- 1 . 6 
35.8 
65.4 

- 6 5 . 5 
- 2 9 . 5 

1.3 
- 7 7 . 9 

28.9 
51.9 

- 5 0 . 3 
70.9 

- 8 5 . 3 
1.4 

- 6 3 . 9 
23.4 

- 4 1 . 3 
58.9 

- 1 9 . 5 
7 1 1 

-72 .1 
- 5 4 . 0 

36.5 
- 7 4 . 8 

50.1 
- 1 6 . 6 

60.4 
1.0 

I f o b s l 

** 
<16.1 

45.2 
• * 

69.5 
39.2 

<21 .8 
78.1 
33.3 
50.5 
49.9 
69.3 

102.7 
<20 .1 

59.5 
23.8 
43 .5 
54.3 

<25.5 
66.1 
70.9 
54.5 
35.8 
75.7 
48 .8 

<22.1 
59.7 

<26 .8 

Ind i ce s 

0,0,21 
315 
229 
137 

0,2 ,19 
1,2,17 
3,0,15 

4 0 1 * 
1,1,21 * 
3,1,11 

045* 
0 ,1 ,23 

407 
2,1,19 
1,3,13 
2 ,2 ,15 

321* 
0,4,11 
1,0,25 
4 ,0 ,13 

413* 
3,1,17 
3,0,21 
2 ,3 ,11 

419* 
1,1,27 
0,1 .29 

f c a l c 

67,2 
17,3 
31,2 

- 3 0 , 2 
- 6 4 , 6 

51,9 
-53 ,0 

0,8 
58,3 

-40 0 
14,7 

- 6 4 , 5 
- 2 6 . 3 
-56 ,0 

37,3 
-45 ,9 

0,6 
-34 ,8 

52,9 
32,1 

-11 .0 
39.3 
43 .8 

- 3 0 . 3 
20.5 

-46 .8 
40 .5 

iFobsl 

72.5 
11.7 
34.5 
30.3 
55.1 
46.4 
58.7 

<24.2 
56.8 
41 .7 

<23 .4 
61.6 
22.0 
52.6 
37.7 
44 .5 

<31 .2 
30.4 
56.6 
37.7 

<28.8 
42 .0 
51.5 
29 .3 

<27.9 
51.1 
48 .3 
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D. S ta t i s t i ca l S t r u c t u r e A n a l y s i s 

It should be r e m i n d e d tha t we a r e dea l ing with the I odd r e f l e c t i o n s 

only. F i r s t l y , the i n t e n s i t i e s c o r r e c t e d for the L o r e n z - p o l a r i z a t i o n f a c t o r s 

w e r e a r r a n g e d in o r d e r of i n c r e a s i n g s in 9 and w e r e g r o u p e d in to a p p r o 

p r i a t e equ id iv i s iona l sin^ Q r e g i o n s in s e q u e n c e . The i n t e n s i t y v a l u e s within 

a given sin^ 9 r eg ion w e r e a v e r a g e d out. The r e s u l t a n t da ta a r e shown in 

F ig . 10. The p r o c e d u r e employed h e r e is i d e n t i c a l to the wide ly e m p l o y e d 

Wi lson ' s z o n e - a v e r a g i n g me thod (Wilson, 1942). 
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A Graphical Representation of the Wilson-type. Zone-
averaged Intensity Data. The solid line is a median 
curve for the averaged-out observed intensities whose 
values are given by small open circles. The Az/K 
value for Y in Y2C was obtained from the tangential 
angle if at (sin 8 / ^ ) ^ = 0 using Eq. (22). 
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T h e s o l i d - l i n e c u r v e i n F i g . 10 , a m e d i a n of t h e o b s e r v e d p o i n t s , 
s t a r t s f r o m z e r o , i n c r e a s e s v e r y r a p i d l y , a n d t e n d s t o f a l l off a t h i g h 
a n g l e s . T h i s i s i n s t r i k i n g c o n t r a s t w i t h t h e u s u a l W i l s o n p l o t , w h i c h i s , 
i n g e n e r a l , a n i n c l i n e d s t r a i g h t l i n e s t a r t i n g f r o m a n o n z e r o v a l u e . T h e 
W i l s o n s t r a i g h t l i n e i s e x p e c t e d f o r a c r y s t a l s t r u c t u r e c o n s i s t i n g of a 
s u f f i c i e n t l y l a r g e n u m b e r of a t o m s a t g e n e r a l p o s i t i o n s . O u r c a s e i s d u e , 
u n d o u b t e d l y , t o s p e c i a l a r r a n g e m e n t s of t h e a t o m s . 

W h e n s m a l l s h i f t s i n t h e p o s i t i o n s of t h e r e f l e c t i o n s w e r e n e g l e c t e d , 
t h e t r i g o n a l r e f l e c t i o n s w i t h .« = 2n w o u l d l e a d t o t h e f a c e - c e n t e r e d c u b i c 
l a t t i c e of t h e y t t r i u m a t o m s . H o w e v e r , t h e i n t e n s i t i e s of t h e t r i g o n a l r e 
f l e c t i o n s w i t h i = 2n f a l l off m u c h f a s t e r w i t h i n c r e a s i n g s i n 6 t h a n d o e s 
t h e c u b i c c a s e ( s e e F i g . 6 ) . I t a p p e a r s t h a t t h e t r i g o n a l r e f l e c t i o n s w i t h 
i o d d b u i l d u p t h e i r i n t e n s i t i e s a t t h e e x p e n s e of t h e i = 2n i n t e n s i t i e s . 

T h e p r e d i c a m e n t m e n t i o n e d a b o v e i m p l i e s t h a t t h e y t t r i u m a t o m s 
a r e s l i g h t l y d i s p l a c e d f r o m t h e f a c e - c e n t e r e d c u b i c p o s i t i o n s . A l o n g t h i s 
g u i d e l i n e , w e i n t e r p r e t F i g . 10 a s f o l l o w s : 
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The trigonal unit cell should contain six Y atoms The noncentro-
symmetr ic space group R3m provides threefold positions for Y: (0, 0, 0; 
1/3, 2 /3 , 2 /3 ; 2 /3 , 1/3, 1/3) + (0, 0, z) Two sets of the above coordinates 
a re needed to accommodate two sets of three equivalent Y atoms. Hence, 
we have to determine two positional pa ramete r s , z, and z^ In the centro-
symmetr ic R^m, we set z, = -Z2. This is also the case in the noncentro-
symmetr ic R32 Hence, our Y-atom assignment in R32 is centrosymmetr ic 
The choice of the origin in R3m is a rb i t ra ry Hence, in R3m we may choose 
the origin so that z, = -z^,, which then becomes identical to the coordinate 
requirement in R32 and R3m In other words, insofar as the Y atoms are 
concerned, the choice among the three space groups is immaterial 

The s t ructure factor in R3m excluding the carbon contribution is 

given by 

F 

A = 3fY(cos 27T£ZI + COS Z-niz-i); 

B = Sfyisin 2''.£z, + sin Zulizi) 

Equation (13) may be rewritten as 

F ^ = 18fY{l + COS 2 7 T i ( z , - Z 2 ) } 

(13) 

(14) 

(15) 

(16) 

Let US denote a small displacement from the special position as Az From 
the cubic analogy, we set 

Zl - 52 = 1/2 + 2Az, 

which converts Eq (16) into 

| F | ( i = even) = 6fYlcos 27T£A£| 

and 

| F | {i = odd) = 6fY|sin 27riAz| 

(17) 

(18) 

(19) 

The last two equations delineate approximately the experimental result 
given in Fig. 10 and also the curves in Fig 6 

Now, we again confine ourselves to the odd i case, for which we 
use the relation 

Khgijs = •'̂ ^Y ^^"^ (27TiAz) exp -2B-
/sin eV (20) 
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w h e r e K is the s c a l e fac tor and lobs is the o b s e r v e d i n t e n s i t y c o r r e c t e d 
for the Lorenz and p o l a r i z a t i o n f a c t o r s (by def in i t ion I^bg = F Q ^ S ) B a s e d 
on Eq, (20), the a v e r a g i n g p r o c e s s e m p l o y e d for d e r i v i n g the o b s e r v e d 
points in F ig 10 c o r r e s p o n d s to 

K ^ < I o b s A 3 " V ) ) , - ( - n ^ 2 ^ ^ A z ) ^ e x p | - 2 B Y ( ^ ) ' } 

w h e r e 

,. , sin 9 
X = 8 T r c ( A z ) - ^ ^ 

and £ is the la t t ice cons tan t . The sol id c u r v e in F i g 10 fol lows roughly 
Eq (21) F o r s m a l l 9, one a p p r o x i m a t e s 

<.o..A3«̂ ,̂ . (¥){^}'(-r^)" 
The tangent of the cu rve at (sin 9/X)^ = 0 in F ig 10 is 1 60, wi th which 
( A Z / K ) ^ = 0 96 X 10"^ was obta ined us ing Eq (22) 

A wavy n a t u r e of the o b s e r v e d poin ts in F ig 10 i s exp l a inab l e through 
the sin X t e r m in Eq, (21), However , owing to a r e l a t i v e l y l a r g e e x p e r i m e n 
ta l tmcer ta in ty , no r e l i ab l e X value could be deduced f r o m the da ta in F ig 10 
None the le s s , our i n t e r p r e t a t i o n h e r e has now se t up a good foundat ion for 
m o r e ref ined s t r u c t u r e a n a l y s i s , 

E S ta t i s t i ca l Ref inement 

Let us p r o c e e d with a s i m p l e r , yet b e t t e r , s t a t i s t i c a l a n a l y s i s than 
the Wi l son- type a p p r o a c h . F i r s t l y , we r e w r i t e Eq (20) in the f o r m 

Iobs/(36fY) = d / K ' ) sin^ ( 2 7 T M Z ) e x p j - 2 B Y ( ^ i | ^ Y j (23) 

Taking l o g a r i t h m s gives 

i s { l o b s A 3 6 f V ) } = l 2 A sin^ ( 2 7 T M Z ) | - 2B^(^^J. (24) 



3 5 

We g a t h e r I , ' s of the r e f l e c t i o n s wi th a given i. The l e a s t - s q u a r e s a n a l y 
s i s of Eq . (24) gave t he b e s t v a l u e s for ( l / K ) | s i n (27T£AZ)! and By- The 
a b s o l u t e - v a l u e no ta t ion h e r e wi l l be d r o p p e d h e r e a f t e r , s i n c e s in (27Ti;Az) i s 
a l w a y s p o s i t i v e in the a n g u l a r r eg ion of ou r c o n c e r n . The p r o c e d u r e w a s 
app l i ed to f r o m .̂  = 3 up to i = 25. A dozen B y va lue s w e r e thus obtained. 
A s t a t i s t i c a l a v e r a g e of t h o s e y i e lded B y = 0.94 A . 

When the ( I / K ) s in (27r£Az) va lue s a r e p lo t ted a s a function of t . the 
r e s u l t a n t c u r v e should be m o n o t o n i c a l l y i n c r e a s i n g at f i r s t , r e a c h a m a x i 
m u m va lue , and t h e n tend to fall off. The m a x i m u m point is a t t a ined when 
277£Az = 7r/2, i . e . , Az = l / ( 4 i ) . At the s a m e t i m e , the m a x i m u m point 
g ives I / K . Unfo r tuna t e ly , the o b s e r v e d da ta could b a r e l y r e a c h the m a x i 
m u m v a l u e . Hence , a c u r v e - f i t t i n g t echn ique w a s employed to obta in K 
and Az. 

T h i s s i m p l e yet ef fect ive me thod is i l l u s t r a t e d in F ig . 11, for which 
we w r i t e Eq . (23) a s fol lows: 

[ fobs 6fY exp H^D — sin (27t£Az). (25) 

121-2691 

Fig. 11, Determination of the Carbon Positional Parameter Az Based 
on Eqs, (25) and (32), The scale factor K has been adjusted 
to unity. Open and shaded circles represent the observed 
points for l = 4n - 1 and H - 4n + 1, respectively. The 
solid line is a median curve for the observed points and is 
given by (1/K) sin (2ITIIAZ) with K = 1. Note that open cU-
cles ate consistently above the soUd curve, whereas shaded 
circles lie below the solid curve. These characteristics as 
well as the magnitudes of the deviations of the observed 
points from the soUd curve were used to subsuntiate the 
validity of the Case I structure for Y2C. 
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The maximum sine value takes place near SL - 29, Therefore, A^ 5 0,01, 
The K value was about 1 0. Hence, {h-zJYjf' = 1 x lO"*, which is in agree
ment with the value obtained from the Wilson-type analysis, 

F, Refinement of Structure 

We have now obtained a good set of s t ructure pa ramete r s for the 
yttrium atoms: Az = 0,01, or z = Zj = -zj = 0,26, and By = 0,94 A^, 
Our task here is to refine these Y parameters and simultaneously to de
termine the parameters for the carbon atoms. 

As regards the carbon assignment, we consider the following co
ordinate sets: both m R32 and R3m, (0, 0, 0; l / 3 , 2/3 , 2/3; 2 /3 , l / 3 , l/3)+ 

3(a): 0, 0, 0 

3(b): 0, 0, 1/2, 

In R3m, we choose 3(a)- 0, 0, z, with ^ = 0 or 1/2, Because of the special 
carbon positions under consideration, the choice of the space group becomes 
again immaterial. 

If the carbon atoms occupy 3(a), the structure factor for i odd is 
given by 

kl. 
F = (-1) 2 6fY sin (27TiAz) - 3fc (Case I). (26) 

With the assignment to 3(b), we have 

i - i 

F = (-1) 2 6fY sin (ZTTiAz) + 3fc (Case II). (27) 

When one places the carbon atoms at both 3(a) and 3(b) with an equal occu
pancy probability, the structure factor becomes 

F = ( -1)^ 6fY sin (2TriAz) (Case in ) . (28) 

The carbon contribution is revoked in the Case in All cases stated above 
are computed for i odd 

struct ^\ " " " ' ° ' ^'^"- ' '^^ ' ° ' ' ' ^ ""'^ *^^ leas t -squares method, the 
structural P a - - e t e r s were refined. The initial pa ramete r s employed were 
Az - 0 01 and By = Be = 0.94 A^ The discrepancy factors with these ini 
tial parameters were R,(0.086, 0.16, 0 10) and Rr(0.009, 0.032, 0 014) r e 
spectively, for the Cases I, II, and III . • • * ; , re 
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The Case I yielded the smallest discrepancy factors and is hence 
strongly favored In Case I, one cycle of the leas t - squares refinement r e 
duced R, = 0.086 to 0,056 and Rj = 0,009 to 0,0055, For comparison, the 
one-cycle l eas t - squares improvements in Case II were Ri = 0,16 to 0,11 
and Rj = 0,032 to 0,016 

The second cycle in Case I gave Rj = 0,056 and R^ = 0.0047, both 
of which indicate no significant improvement The final pa ramete rs in the 
Case I were 

Az = 0,0085 ± 0,0003, 

z = 0,2585 ± 0 0003, 

By = 0,98 ± 0.04 A^ 

Be = 1,05 ± 0,20 A^, 

K = 0,93 ± 0 03, 

The values reported for H02C are z = 0,256 ± 0,001 and By = Be = 0,32 A 
(no accuracy is given) (Bacchella et al^,, 1966), 

We have discarded Cases II and III on the basis of the R factor 
values An additional strong endorsement for the Case I model is given in 
the following chapter, 

G Confirmation of Carbon Pa rame te r s 

For Case I, we write 

KFobs = locale 

1) 6fY sin (27TMZ) e x p | - B Y ( ^ i Y ^ y | - 3fc e x p j - B e ( ^ ^ j j | • 

The above equation is rearranged to 

K F o b s / J " Y e^P ./{' 
1) 2 sin (2 

sin (27TiAz) + (-1) 

T T M Z ) ' - - ^ ^ e x p i - ( B e - B Y ) F ^ j j 

{-,BC-B„(^)} , # i £ c f C _ 

c. Z Y Y 

(29) 

(30) 
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where fc and fy are the unitary scattering factors and are given by 
ZcfC = ^C ^"'^ Zyfy = fy, where ZQ and Zy are the atomic numbers of 
C and Y, respectively. 

Since Be - By, Eq, (30) simplifies to 

KFobs / i ^ fy exp • B y 

sin (2Tr,«Az) - - i ^ (i = 4n + 1), 
13 fY 

(31) 

1 fc 
sin (27riAz) + TT T - (^ = 4n - 1). 

fc 

The ratio fc/fy is relatively constant over our angular range. Let us then 
express as fc/fy ' '^- '^^^ right-hand side of Eq. (31) is hence dependent 
on iAz only. We sum up all reflections with the same I and divide the sum 
by the number of the reflections employed. This process is written as 

K F o b s / | 6 f Y e x p | ^ - B Y ( ^ y 

(27riAz 
13 

a ( i = 4n + 1), 

(32) 

sin (27riA^) + --- a 4n- 1 

This equation may be interpreted as Eq, (25) plus the carbon con
tribution. The experimental points in Fig, 11 are clearly in accordance 
with Eq, (32), namely, the experimental points for i = 4n r 1 lie consis
tently above the solid line representing Eq, (25) and those for i = 4n + 1 
lie below the solid line. The observed magnitudes of these deviations gave 
approximately a = 1,8, which is in good agreement with the calculated 
mean value, a = 1,76, in the range from 0,25 to 0,75 in (sin 9)/\. 

If the Case II model were correct , the reversed signs should be 
assigned in the right-hand side of Eq, (32), The observed points for I = 
4n + 1 in Fig, 11 would lie above the solid line and vice versa for i = 4n - 1. 
This is opposite to the observation. If the model for the Case III were cor
rect, all observation points should lie right on the solid curve in Fig. 11. 
This is clearly not the case. We accordingly discard Cases II and UI. The 
final atomic parameters are summarized in the Re'sume Chapter. 
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The neutron diffraction pattern of yttr ium hypocarbide obtained 
using an automatic multipurpose diffractometer (Atoji, 1964 and 1965) is 
shown in Fig. 12. The powdered sample employed here was prepared from 
the Lunex a rc -mel ted buttons that had provided our single crystals used 
for the X-ray study. No coherent peaks due to the probable impurit ies 
(yttrium metal , graphite, Y2C3 and YCj) were detectable in any of our 
neutron diffraction pat terns. 

> 800 

3 

YjC (TRIGONAL! ' Y C 0 28 (CUBIC) 

X-1.069 A 
IC 

• v-'^**'.-.'^*>-<*\vV*/*.^ 

' 1 1 ! l 
' v ' .' 

• • • • ' • • • • ' • • • • 

II 
4 

i 

I 

• V..„..A<w 

t '; 
i' • 

20 30 

SCATTEBING ANGLE 2 s ' 

121-2805 
Fig. 12. Neutron Powder Diffraction Pattern of a Mixed Phase of the Cubic YCg 28 '""^ * ' Trigonal Y2C. 

Subscripts to the indices, "c" and "t," denote cubic and trigonal. respecUvely. 

The powder s a m p l e was p a c k e d into a t l j in -wal led c y l i n d r i c a l 
Ti2.i3 Z r h o l d e r wh ich g e n e r a t e s no c o h e r e n t n e u t r o n s c a t t e r i n g . The 
h o l d e r d i m e n s i o n s w e r e 1 c m m d i a m e t e r and 3.8 c m in the b e a m - b a t h e d 
he igh t . The pack ing d e n s i t y was 3.0 g / c m ' . 

T h e to t a l c r o s s s e c t i o n ob ta ined by m e a n s of the t r a n s m i s s i o n ce l l 
(Atoji , 1964) was 11.3 ± 0.4 b a r n s p e r Y C ^ at the n e u t r o n e n e r g y of 
0.0716 eV o r the n e u t r o n w a v e l e n g t h of 1.069 A. The x va lue in Y C ^ was 
l a t e r d e t e r m i n e d as 0 .43 f rom the c o h e r e n t i n t e n s i t y a n a l y s i s of ou r bu lk 
n e u t r o n s a m p l e . At 0.0716 eV, the to ta l c r o s s s e c t i o n of Y i s 8.0 b a r n s 
(Goldberg et a l . , 1966) and tha t of C i s 5.4 b a r n s in v a r i o u s r a r e - e a r t h 
c a r b i d e s (Atoji , u n p u b l i s h e d ) . H e n c e , the e x p e c t e d to ta l c r o s s s e c t i o n for 
YCo 43 i s 0.80 + 5.4 x 0 .43 = 10.3 , wh ich i s not s ign i f ican t ly d e p a r t e d 
f r o m the o b s e r v e d v a l u e 11.3 b a r n s , p a r t i c u l a r l y in v iew of a l a r g e u n c e r 
t a in ty in the c o m p o s i t i o n h o m o g e n e i t y . 

T h e a t t e n u a t i o n coeff ic ient /j m exp(- f i r ) for our powder s a m p l e 
w a s 0.22 c m " ' x 0.5 c m = 0 . 1 1 . T h e r e f o r e , the angu la r dependence 
of the a b s o r p t i o n f ac to r cou ld be n e g l e c t e d ( In t e rna t i ona l T a b l e s , 1959). 
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The background of the diffraction pattern was satisfactorily 
accounted for by the sum of the elastic thermal diffuse scattering, 
the multiple scattering, and the instrumental scattering. Therefore, 
because of the absence of the' paramagnetic scattering, yttrium hypo
carbide should be very weakly paramagnetic or diamagnetic. The 
procedure of the background analysis has been fully described p re 
viously (Atoji, 1961 and 1967a). 

The coherent peak intensities were analyzed utilizing the parameters 
determined by the X-ray method. The neutron coherent scattering ampli
tudes employed were b(Y) = 0.778 x 10''^ cm (Goldberg et al., 1966) and 
b(C) = 0.662 X 10"'^ cm (Hughes and Schwartz, 1958). 

For the trigonal Y2C, we utilized the X-ray pa ramete r s , i .e. , the 
temperature factor coefficients B Y = 0.98 A^ and Bp = 1-05 A^, and the 
positional parameters (0,0,0; I / 3 , 2 /3 , 2/3; 2 /3 , 1/3, 1/3) + (0,0, z), with 
^ = 0 for carbon and ^ = 0.2585 for yttrium. As seen in Fig. 12, several 
trigonal peaks were completely isolated from the cubic reflections. The 
agreement between the observed and calculated intensities for those isolated 
trigonal peaks was found to be excellent, thus verifying the X-ray result 
conclusively. 

The scale factor was subsequently determined. The calculated t r i 
gonal intensities were then subtracted from the observed peak intensities 
so as to obtain the cubic intensity values, for all cubic reflections are over
lapped with the trigonal reflections. The resultant cubic intensities with all 
even in (hki) and those with all odd indices were treated separately, using 
the method similar to that described in Ch. IV. Two sets of these cubic in
tensities gave the same temperature factor, B = 1.1 ± 0.1 A^, which is sig
nificantly smaller than the X-ray value of B = 1.85 ± 0.08 A^. Also, the 
above data processing yielded the value x = 0.28 for YCx with a high degree 
of reliability. It is not unreasonable to expect a smaller B value for smaller 
X, i.e., less carbon content. 

With the parameters given above, all observed data were compared 
with the calculated values in Table IV. The final discrepancy factor value 
was 

l ! lobs - I c a l ^ ^ 5 ĝ ^̂  

Ẑ o bs 

which presents another confirmation of our X-ray s t ructure . The other 
probable models discussed in Ch. IV.B gave significantly less satisfactory 

jreements . 
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T A B L E IV O b s e r v e d and Calculated Neutron Diffract ion Intens i t ies for the Quenched 
P o w d e r Sample of Yttr ium Hypocarbide Which Is an Admixture of the Cubic YCj jg 
and the Tr igonal Y^C. The cubic re f l ec t ions are des ignated by subscr ipt c attached 
to their i n d i c e s . The in tens i t i e s are g iven in barns per unit c e l l . On the b a s i s of 
this unit , within our exper imenta l e r r o r , the scal ing factor for the cubic YCo.^s data 
is acc identa l ly equal to the tr igonal Y^C sca le factor . 
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To recapitulate, our bulk neutron sample consisted of trigonal Y2C 
and cubic YCo.28- From the scale factors for these two s t ruc tures , the 
average chemical formula for our bulk neutron sample was obtained as 
YCo,43- The chemical analysis on the basis of random sampling of several 
a rc -mel ted buttons gave, YCo,39 (see Ch, III), The chemical composition 
of our polydomain single crysta l is approximately given by YCo.5- A con
siderable inhomogeneity of our arc-mel ted buttons should be noted. 
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VII, DISCUSSION 

A, L a y e r S t r u c t u r e s in YCx 

In F ig , 13, the c r y s t a l s t r u c t u r e of the cubic YCx is c o l l a t e d wi th 
the t r i gona l Y2C s t r u c t u r e . In th i s f i gu re , A, B , and C r e p r e s e n t the 
y t t r i u m l a y e r s , w h e r e a s a, b , and c signify the c a r b o n l a y e r s . The A, B , 
and C l aye r conf igura t ions a r e the s a m e as the a, b , and c l a y e r s , r e s p e c 
t ive ly , except for the d i f ference in o c c u p a n t s . 

xC (x: 0.25-0,65) 

3 , 6 1 7 -

YCx (CUBIC) 

Fig, 13, Schematic Representations of the Cubic and Trigonal Suuctures 
of Yttrium Hypocarbide, The cubic structure is drawn on the 
trigonal coordinates. The capitals A. B, and C signify the 
yttrium layers, whereas the lower cases a, b, and c, designate 
the carbon layers. Pertinent interlayer distances are given. 

In t h e c u b i c Y C ^ *.. w,.^ ^^^^^ i ^ x ' ' l^e l a y e r s e q u e n c e a l o n g t h e [ H I ] a x i s i s 

| A [c] B [TI C [b] , , , , | , w h e r e t h e | A - B - C , , , , | s e q u e n c e d e l i n e a t e s t h e 

c u b i c c l o s e - p a c k i n g of t h e y t t r i u m a t o m s a n d t h e j [ c ] - [a] - [b] •• •} l a y e 
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designate the octahedral holes being partly occupied by the carbon atoms. 
Here, the interlayer distances are all equal to 1,477 A, as shown in Fig. 13. 

In the trigonal s t ructure , the unit layer sequence may be written as 
J A c B Q C b A n B a C Q | . H e r e . Q denotes the vacant layer, whereas 
a, b, and c designate the carbon layers with unit occupancy factor. Although 
the layer sequence in the trigonal Y2C seems complex, it is almost identical 
to the cubic YCx l^yer s t ructure except for the following: every fourth 
layer (every other carbon layer) is completely vacant; the occupancy factor 
in t'.ie carbon layer is unity; the interlayer spacings are not all equal. 

This last subject about the interlayer spacings is of particular inter
est. In the cubic-to-trigonal transformation, the spacing between the yttrium 
and carbon layers , or simply the hetero-inter layer distance, is smaller for 
the larger carbon population. The change in the occupancy parameter , from 
X = 0.48 to 1.00, varies the hetero-inter layer distance, from 1.477 to 
1.343 A, giving about 9.1% contraction. On the other hand, the occupancy 
parameter change, from x = 0.48 to zero, modulates the hetero-inter layer 
spacing from 1.477 A to 1.649 A, resulting in about 11.6% expansion. As a 
whole, the cubic-to-tr igonal transformation expands the layer axial length 
(along [111] of cubic and [00 1 ] of trigonal) about 1.32%, while no change 
takes place in the intralayer interatomic distances. Subsequently, the vol
ume of the crysta l expands 1.32% in the cubic-to-trigonal transformation, 
i.e., a high-to-low temperature allotropic transition (see Ch. VIII). Hence, 
the crystal volume of the high-temperature disordered structure is smaller 
than the low-temperature ordered s t ructure . The disposition here is indeed 
opposite to the commonly conceived structural conception. 

In the cubic system, both Lallement (19166) and Spedding et al. (1958) 
have found that the cubic lattice spacing decreases as the carbon content 
increases . This is a striking contrast to the transi t ion-metal carbide, where 
the reversed relation has been observed. Further discussion on this subject 
is given in Ch. VII.E. 

B , Phase Transit ion 

The phase diagram proposed by Lallement (1966) (see Fig, 14) sug
gests that the cubic hypocarbide is stable above about 1300-UOO^C, below 
which the trigonal s t ructure appears . The composition range of the cubic 
phase spans approximately the range x = 0,35-0.65 in YCx, but a much 
narrower composition range is imposed upon the trigonal structure (mean
ing a very small leeway in the stoichiometry of YjC), Spedding et al, (1958) 
have found the existence of the cubic phase for x = 0,25-0,40. It is very 
likely that at certain tempera tures the cubic phase could be stable in an 
extended range, x = 0,25-0,65, accommodating the findings of both 
Lallement (1966) and Spedding et al. (1958). 
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The transformation from cubic to t r i 
gonal may not be fully achieved in a fast cool
ing; hence, the cubic structure could exist in 
the quenched sample as a metastable phase. 
In our single crystal , the transformation has 
taken place partly. In other words, we have 
a restrained transient state, resulting m a 
two-phased or dimorphic single crystal . 

In conjunction with the YCx pbase t ran
sition, recent work by Sarian and Criscione 
(1967) on the diffusion of carbon in ZrCo.98 
gives an estimate for just how mobile the car
bon atoms would be in the metal matr ix . From 
their diffusion data and lattice-constant values 
of ZrC at high temperatures (Elliott and 
Kempter, 1958), the average time that the car
bon atom stays at a given lattice site in ZrCo.98 
is computed to be as short as 0.8 x 10"^ sec at 
2200°C. It becomes exponentially longer as 
the temperature is lowered. Some typical val-

2.5 X 10"' sec at 1700°C, 4.2 x 10"^ sec at 1300°C, 22 sec at lOOOoC, 

0 0.1 0,2 0,3 0,4 0.5 0.6 0,7 0. 
X IN YC, 

121-2694 Rev, 1 

Fig. 14. Schematic Phase Diagram 
for the Yttrium-Carbon 
System (Lallement, 1966) 

u e s a r e 
and 2,2 x 10 ' sec (near ly 2 y r ) at 700°C. In de r iv ing s o m e of t h e s e v a l u e s , 
the r e p o r t e d data have been e x t r a p o l a t e d . 

Another example we ci te i s that of b o d y - c e n t e r e d cubic i r o n con
taining up to about 0.03 a /o c a r b o n . The c a r b o n a tom s t a y s at the i n t e r 
s t i t i a l s i te only for 1 s e c , even at r o o m t e m p e r a t u r e ( C h a l m e r s , 1959). 

Zi'Co.98 p r o v i d e s a ca se w h e r e the vacan t s i t e s for c a r b o n a r e 
exceedingly s c a r c e . I ron containing a minu te amount of c a r b o n r e p r e s e n t s 
a c a se in which t h e r e ex i s t highly abundant v a c a n t i n t e r s t i c e s . The YC 
case m a y l ie jus t about be tween t h e s e e x t r e m e s . H e n c e , it i s qui te p l a u s i b l e 
that the mobi l i ty of c a r b o n in the cubic Y m a t r i x at h igh t e m p e r a t u r e i s 
l a rge enough to cons t i tu te a h ighly , d i s o r d e r e d c a r b o n d i s t r i b u t i o n . On the 
o ther hand, the mobi l i ty of the c a r b o n a t o m s is not fas t enough to c o m p l e t e 
the cub i c - t r i gona l t r a n s f o r m a t i o n in a r e l a t i v e l y r a p i d coo l ing . 

Resn ick and Seigle (1966) have given an i n t e r e s t i n g r e s u l t for the 
diffusion of ca rbon in T a C . Azaroff (1961a and 1961b) h a s d i s c u s s e d the 
diffusion p r o c e s s in the c l o s e s t - p a c k e d c r y s t a l s . The w o r k of Rudy et a l . 
(1967) on the phase t r a n s i t i o n of m e t a l c a r b i d e s c o m p r e h e n d s the t h e r m a l 
ana lys i s , the X - r a y s t r u c t u r e s tudy, and m e t a l l o g r a p h i c o b s e r v a t i o n . 

C- I n t e r c r y s t a l B o u n d a r i e s 

Among p robab le t r a n s i e n t b o u n d a r i e s b e t w e e n the cubic and t r i g o n a l 
c r y s t a l s , the l e a s t i n t e r p h a s e e n e r g y could be a t t a inab le by choos ing the 
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cubic { 11 1} and trigonal {001} planes as a common boundary interface, since 
the above planes a re completely identical to each other in both the inter
atomic configuration and distance. The drawings given in Fig. 13 demon
st ra te this m a succinct manner. This cubic { 111}-to-trigonal {00 1} boundary 
is a simple, yet typical, example of the coherent interphase interface, and 
is consistent with the in tercrys ta l axial relations shown in Fig. 7, 

The boundaries among four trigonal domains are not as straight
forward as the cubic-trigonal boundary. Let us start from an ideal case. 
Suppose that the interatomic distances in the trigonal crystal are the same 
as those in the cubic crysta l , except for the difference in the ordering 
scheme of the carbon atoms. Then, it is obvious that any atomic plane can 
be chosen as a coherent interface boundary between adjacent trigonal do
mains; that is to say, we have an arb i t ra ry choice of the coherent isophase 
interfaces for the boundaries of four trigonal domains. 

In the actual case, however, a small modulation in the interlayer 
distances takes place in the cubic-trigonal transformation. Hence, the co
herent interface in the above idealized case becomes slightly incoherent. 
The energy associated with this incoherency should certainly be less than 
the stabilization energy in forming the trigonal crystals The following 
example is of value m estimating the degree of incoherency in the isophase 
interfaces among the trigonal domains. 

Although under certain conditions the generation of the trigonal 
domain may take place spontaneously at any region of the cubic crystal , for 
the sake of simplicity we assume that the trigonal crystals develop from 
the cubic {111} planes with an equal growth rate. In the aforementioned 
idealized case, in which no modulation takes pRice in the interlayer and in
t ra layer interatomic distances, the coherent interfaces between the adjacent 
trigonal domains a re the {108} planes (the {110} planes in the cubic descr ip
tion). However, because of a slight difference in the interlayer distance 
between the cubic and trigonal s t ruc tures , the {108} planes of the adjacent 
trigonal domains split each other radially with the radial mutual splitting 
angle of 44', This angle may be called a tilt angle, since in a conventional 
terminology the boundary of our concern may be said to be of a tilt boundary. 
Also, some call this a "subboundary" in a more general sense (Chalmers. 
1959). The energy associated with such a small-angle tilt boundary would 
not be substantially large 

By the same token, m the generalized case, that is, when the growth 
rates of the trigonal domains are different from one another, the trigonal 
isophase interface is still a subboundary. and the degree of the incoherency 
should be as small as the equal domain-growth case. 

In our multidomain single crys ta l it was found, through the diffrac
tion intensity analysis, that the relative volumes of the cubic crystal and 
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those of the trigonal domains, I to IV, are 3,6, 0,40, 1.00, 0,48, and 0,91, 
respectively. Significant differences among four trigonal domain volumes 
suggest that the strain field and related factors could easily influence the 
growth rates of the trigonal domains in the cubic-to-trigonal transformation. 

D. Bonding Configurations 

The pertinent interatomic distances in the cubic and trigonal s t ruc
tures are listed in Table V. For obtaining a relative measure of bond 
strength, the bond numbers were computed using Pauling's (1960) semi-
empirical equation 

D(n) = D(l) - 0.60 logio n, (33) 

where D(l) is the single-bond distance and D(n) is the bond distance for 
the bond number n. Also, D(n) = Ri(n) + R2(n), where Ri(n) and R2(n) are 
the bond radii of the atoms. We have chosen R(l) = 1.618 and 0.772 A for 
Y and C, respectively. The R(l) value for Y was evaluated from the latest 
lattice constants of the Y metal (Gschneidner, 1961) and is slightly different 
from Pauling's value. The R(l) value for C was obtained from diamond. 
The resultant individual and total bond numbers are given in Table V. 

T A B L E V. I n t e r a t o m i c D i s t a n c e s and C o r r e s p o n d i n g Bond 
N u m b e r s in the Cubic and T r i g o n a l Y t t r i u m H y p o c a r b i d e s . 
The v a l u e s for the YC2 a r e a l s o g iven . In the t r i g o n a l Y2C , 
Y-Yj is the i n t r a l a y e r d i s t a n c e , Y-Yjj is the i n t e r l a y e r d i s 
t ance a c r o s s the c a r b o n l a y e r , and Y - Y j n is the i n t e r l a y e r 
d i s t a n c e a c r o s s the vacan t l a y e r . 

Cubic YCx (" = '^••'8) 

C-6Y 2.558 A (n = 0.525) Y-6xC 2.558 A (n = 0.525) 

C - l Z x C 3.617 A (n = 0) Y-12Y 3.617 A (n = 0 .232) 

X n for C = 3.15 X "̂  'o"" ^ = 2.78 + 3.15x 
= 4 . 2 9 

T r i g o n a l Y^C 

C-6Y 2.483 A (n = 0,700) Y-3C 2.483 A (n = 0.700) 

C-6C 3.617 A (n ^ 0) Y-6Yj 3,617 A (n = 0.232) 

X n f o r C = 4.20 Y-3Yi i 3,402 A (n = 0 .259) 

Y - 3 Y m 3.904 A ( n = 0 .077) 

J n for Y = 5.31 

T e t r a g o n a l YCj 

C-C 1,275 A(n = 2,29) Y - 2 C 2.447 A (n = 0 .804) 

C-Y 2.447 A (n = 0,804) • Y-8C 2 668 A (n = 0.344) 

C-4Y 2.668 A (n = 0.344) Y.4Y 3 b64 A (n = 0 .194) 

J n for C = 4.47 ^ n l o r Y = 5,14 
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The C-Y bond (n = 0.70) in YjC is substantially stronger than that 
in YCo,48 (cubic) (n = 0,53), The Y-Y bond (n = 0,23) in YCo.« (cubic) r e 
mains the same in the intralayer distance Y-Yj in Y2C, The interlayer 
Y-Y bond,between which carbon atoms intervene, Y-Yjj (n = 0,26), is 
slightly stronger than the cubic Y-Y bond. On the other hand, the inter
layer Y-Y bond across the vacant layer, Y-Yjjj (n = 0.08), i s , however, 
largely weakened In both the cubic and trigonal s t ruc tures , the C-C bonds 
are all very weak. 

The total bond numbers of C and Y in YCo.48 (cubic) are 3.2 and 4.3, 
respectively, whereas they are 4 2 and 5.3 in Y2C. Hence, in all accounts, 
the chemical bonding m Y2C is substantially stronger than that in the cubic 
YCo.48-

In the cubic s t ruc ture , the statistical site symmetry of Y is m3m 
and that of C is also m3m. The octahedral symmetry is attained either in 
a time or space average sense. This statistically high symmetry breaks 
down to considerably lower symmetr ies in the trigonal s t ructure . 

In Y2C, the site symmetry of C is centrosymmetric 3m and that of 
Y is noncentrosymmetric 3m. Hence, the bond configuration of C with 
respect to the surrounding Y atoms is that of slightly deformed octahedron. 
On the other hand, the bonding of Y in Y2C is highly asymmetr ic (see 
Fig. 13). The Y-C bond configuration here is that of a trigonal pyramid with 
Y at its apex. The Y-Y bonds are also asymmetr ic , as may be seen from 
the wide differences among their bond numbers (see Table V). 

The bond numbers in YCj (Atoji, 1961) are given in Table V for 
comparison. The total bond number of carbon^n YCj is larger than that 
in Y2C; the relation is reversed as regards the total bond number of Y. It 
appears that in comparison with YjC the bonding associated with C in YC2 
is enhanced at the expense of the bonding strength of Y In fact, all carbon 
atoms in YCj, a highly metallic compound, dimerize to form Cj groups. 
Hence, the C-C intramolecular bond number of YCj (see Table V) was com
puted on the basis that it is a nonmetallic bond. There exists no such higher 
carbides in the t ransi t ion-metal carbides. This implies that as regards 
the chemical-bonding aspect the carbon atoms in the r a r e - ea r th carbides 
play a much stronger role than those in the t ransi t ion-metal carbides . This 
subject is again discussed in Ch. VIII. 

So as to find the intercorrelat ion among the chemical-bond s t ruc
tures of YCx. Y2C, YCj, and YjCj as appeared in the phase diagram (see 
Fig. 14), a l i terature survey of the crysta l s t ructure of Y2C3 was made. No 
report was found, although in some papers the r a r e - e a r t h sesquicarbide 
s t ructure was labeled as the Y2C3 type. More properly, it should have been 
stated that YjCj is probably isostructural to (RE)2C3 (Atoji and Williams, 
1961). 
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Rundle (1948), utilizing Eq. (33) extensively, has given an illumi
nating interpretation on the bonding s t ructures of the MX compounds (M = 
transition metal, and X = C, N, and O). The atomic-orbital t reatment of 
the metallic bond by Altmann et al. (1957) together with Kimball 's table for 
various bond hybrids (1940) render a fundamental account for the metal l ic-
valency theory. E m and Switendick (1965) and Lye and his co-workers (1965, 
1966. and 1967) have extensively developed the band-st ructure analysis of 
the refractory MX compound. Keller 's concept of the band s t ructure (I960)may 
be applicable to the metal-carbide s t ructure . 

The crystal structure data for metal carbides and related compounds 
are becoming very numerous Recent representative reviews, some of 
which include qualitative discussions on the chemical bond, are given by 
Senkin and Milliken (1963), Storms (1967), Williams (1966), Nowotony (1963), 
and Nowotony and Benesovsky (1967). 

Many reliable data have recently become available on a long-
disregarded subject, the physical propert ies of metal carbides Some noted 
publications are as follows: The localized electron-density or ionic-state 
study by Nagakura et al. (1966) and of Hosoya et al. (1968); superconduc
tivity (Sadagopan and Gatos, 1966); thermoionic work function (Wilson and 
McKee, 1967); scattering of electrons by vacancies in TiCx (Williams, 1964); 
the X-ray emission spectra (HoUiday, 1967); and the NMR study (Froidevaux 
and Rossier, 1967). 

E. Related Structures 

First ly, we discuss some structural differences between the r a r e -
earth hypocarbide and the transit ion-metal hypocarbide- We cite tantalum 
hypocarbide, Ta2C, for the lat ter , since Ta2C exhibits a phase transit ion 
similar to that of YjC and since the crystal s t ructures of both phases of 
Ta2C are known with good accuracy. So far, Ta2C is the only case for which 
usable structural data of a transition metal hypocarbide exist. 

The fundamental structure of TajC is that of hexagonal close packing 
whereas YjC has a cubic close-packed s t ructure . Otherwise, the order -
disorder transition of the carbon atoms in TajC resembles that for the r a r e -
earth hypocarbides In the disordered structure of Ta2C (Elliott, 1965), 
the tantalum atoms form a hexagonal close-packed lattice and the carbon 
atoms occupy randomly half of the octahedral interst ices The stacking 
structure of disordered Ta2C may be represented b y | A [ F | B [ c ] A [ i ] B } , 
where [c] designates a half-filled carbon layer of the c-type configuration 
In ordered TajC (Bowman et al , 1965), the layer scheme is given by 
\^"^ '^ B | | A C B | _ | A I; here, Lj delineates an unoccupied layer as 
employed previously. 
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AS seen in Table VI, in both Y2C and H02C, the d isorder - to-order 
transit ion of the carbon atoms al ters the metal-carbon bond number from 
1/2 to 2 /3 , implying a considerable increase in the bond strength. On the 
other hand, in the ordered Ta2C with the anti-CdIj type s t ructure , the Ta-C 
bond number is 3/4, which is smaller than or equal to the Ta-C bond num
ber in Ta2C with the disordered carbon atoms. 

TABLE VI. Metal-to-Carbon Bond Nunnbers in Some Representative 
Metal Hypocarbides. The single-bond radius R(l) of carbon is 0 772 A. 
The probable bond number may be considered as a rounded-off value of 
the bond number. 

Probable 
Structure Distance R(l) for ^ R f l ) Bond Bond 

Type Bond (A) Metal (A) (A) Number Number Compound 

Y,C (a) 

Ho.C (b,c) 

Trigonal, Y-C 2.483 
anti-CdClj-type 

Cubic, Y - c ( " 2.558 
NaCI-type 

Trigonal, Ho-C 2.467 
anti-CdCl^-type 

HoCx,(':) X = 0.30 Cubic, Ho-c'O 2.495 
~ 0.65 NaCl-type -2.475 

TajC('l) Hexagonal. Ta-C 2.186 
anti-Cdlj-type 

Ta2C(=) Hexagonal, Ta-C(0 2.162 
C disordered -2.178 

1.618 

1.618 

1.583 

1 583 

1.343 

1.343 

2.390 

2.390 

2.355 

2.355 

2.115 

2 115 

0.70 

0.53 

0 65 

0.59 
-0.63 

0 76 

0 84 
-0 .79 

V3 

l / i 

V3 

-'il 
3/4 

5/6 
-3/4 

(*)This study. 
(b)Bacchella et al. (1966). 
(c)Lallement (1966), 
(d)Bowman et al, (1965), ^ 
(e)As reviewed by Elliott (1965), there exists some discrepancies among the reported values. 

The range cited above covers the variations in the reported data. 
(^Distance between the metal and the octahedral interstitial site Note that the octahedral 

sites are partially occupied by carbon atom" 

In the ordered Ta^C s t ructure , the interlayer distance between two 
metal layers intervening the carbon layer is 2.505 A, whereas the metal-
metal interlayer distance across the vacant layer is 2.432 A (Bowman 
et al. , 1965). This relation is opposite to the YjC case. 

In the Ta-C system, near the TaC composition, the cubic lattice 
increases in proportion to the carbon content (Bowman, 1961). In the cubic 
r a r e - e a r t h hypocarbides, this relation is also reversed (Spedding et al . , 
1958; Lallement, 1966). 

Therefore, in all cases described above, the carbon atom behaves 
as a typical interst i t ia l atom in TazC and lengthens the surrounding metal-
metal distance. This is also the case in other t ransi t ion-metal carbides. 
On the other hand, the carbon atom in the r a r e - e a r t h hypocarbide strengthens 
the associating metal -metal bonding. 
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N o w , w e e x t e n d o u r r e v i e w to t h e h y p o c a r b i d e s of o t h e r t r a n s i t i o n 

m e t a l s b u t s t i l l r e s t r i c t o u r s e l v e s t o t h e M e 2 C c o m p o s i t i o n . A c l a s s i f i c a 

t i o n of t h e s e c a r b i d e s i s g i v e n i n T a b l e V I I . T h e m e t a l s i n t h e g r o u p I V A 

of t h e p e r i o d i c t a b l e : T i , Z r , a n d Hf, f o r m N a C l - t y p e c a r b i d e s i n t h e c o m 

p o s i t i o n r a n g e f r o m M e C t o n e a r . M e j C . T h e h y p o c a r b i d e s h e r e d o n o t h a v e 

t h e o r d e r e d p h a s e a t r o o m t e m p e r a t u r e . In t h e C r - C s y s t e m , t h e s t r u c t u r e s 

of C r 3 C 2 , Cr23C4, C r 7 C 3 , a n d C r 3 C 2 h a v e b e e n s t u d i e d ( H a n s e n , 1 9 5 8 ; 

E l l i o t t , 1 9 6 5 ; P e a r s o n , 1 9 5 8 ; P e a r s o n , 1 9 6 7 ) . H o w e v e r , t h e c a r b i d e w i t h 

t h e s t r u c t u r a l l y d e f i n a b l e c o m p o s i t i o n C r 2 C i s n o t k n o w n . 

T A B L E VI I . A P e r i o d i c - t a b l e C l a s s i f i c a t i o n of t h e O r d e r e d 

S t r u c t u r e s of t h e K n o w n M e t a l H y p o c a r b i d e s w i t h t h e C o m 

p o s i t i o n M e 2 C a n d H a v i n g t h e H i g h - t e m p e r a t u r e C a r b o n -

d i s o r d e r e d P h a s e . In a l l c a s e s , t h e o r d e r - d i s o r d e r t r a n s i 

t i o n a f f e c t s s l i g h t l y t h e s t r u c t u r e of t h e m e t a l m a t r i x , w h i c h 

i s a p p r o x i m a t e d b y e i t h e r c u b i c c l o s e - p a c k i n g ( c c p ) o r b y 

h e x a g o n a l c l o s e - p a c k i n g ( h e p ) . T h e o r d e r e d c a r b o n d i s 

t r i b u t i o n f u r t h e r c l a s s i f i e s t h e s t r u c t u r e t y p e s a s f o l l o w s : 

h c p - 1 , l^-Fe^N; h c p - 2 , l^^'-Fe^'N; h c p - 3 , ^ - N b j C ; h c p - 4 , e - F e 2 N ; 

h c p - 5 , a n t i - C d l 2 . T h e c a r b i d e s of T i , Z r , Hf, a n d C r d o n o t 

e x h i b i t t h e s t r u c t u r e t y p e s d e s i g n a t e d a b o v e . 

IIIA I V A VA V I A 

SC2C 

c c p , a n t i - C d C l 2 ( ^ ) 

Y,C 

c c p , a n t i - C d C l ; ^ ^ ' ' ^ ) 

Dy2C, E r j C 

c c p , a n t i - C d C l ; ^ ' ^ ' ' ! ) 

'^JSee Appendix. 
'"^Present report (1968). 
('=)Dean et al. (1964). 
J 'Bacchella et al. (1966). 

'Yvou et al. (1966). 

( T i ) 

( Z r ) 

(Hf) 

V2C 

h c p - l ( e , f ) 

h c p - 2 ( g ) 

h c p - 3 ( e ) 

N b j C 

h e p - 2 ( g ) 

h c p - 3 ( e ) 

h c p - 4 ( e . b ) 

T a j C 

h c p - l ( i ) 

h c p - 5 ( j ) 

( C r ) 

M 0 2 C 

h c p - l ( k . l ) 

W2C 

h c p - l ( l , m ) 

h c p - 4 ( l ) 

h c p - 5 ( n ) 

(OYVOU et a_l. (1967). 
fe'Rudy and Brukl (i967). 
(h)Terao (1964). 
^''Nagakura and Aihara (1967). 
(i)| Bowman et £l. (1965). 

C^'Parthe'et al. (1963). 
(')Nagakura and Kikuchi (1966). 

'"'Rudy and Windisch (1967). 
("^Butorina et al. (1960). 
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On the other hand, Sc, Y, ra re ea r ths , V, Nb, Ta, Mo, and W form 
Me2C with a very small tolerance in the composition ratio. The crystal 
s t ruc tures of these hypocarbides have been determined, but not with high 
accuracy except for the cases which we have cited in Table VI, The metal 
atoms Sc, Y. and r a r e ear ths form the cubic close-packed s t ructure , and 
V, Nb, Ta, Mo, and W take part in the hexagonal close-packed matr ix . 
Upon heating, an allotropic transit ion takes place due to the o rde r - to -
disorder change in the carbon positions. The transition may accompany a 
small distortion in the metal matr ix , but does not alter the packing scheme 
of the metal a toms. Upon cooling the disordered compound, the carbon 
atoms settle down to certain positions, resulting in the various ordered 
s t ruc tures listed in Table VII, When more than one ordered structure is 
given, all but one should be metastable at room tempera ture . The thermo
dynamic relation among these allotropic ordered s t ructures has not been 
studied very thoroughly. 
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RESUME OF STRUCTURE DATA 

Chemical Formula YCo,a8 YCo,48 Y2C* 

Molecular Weight 

Crystal Symmetry 

Lattice Constants (A) 

Unit-cell Volume (A^) 

Chemical Formula Units 
per Unit Cell 

Density (g/cm^) 

Space Group 

Coordinates of Y 

Coordinates of C 

Site Synnmetry of Y 

Site Symmetry of C 

Interatomic Distance 
Y-C (A) 

Interatomic Distance 
Y-Y (A) 

Tenaperature Factor 
Coefficient of Y (A^) 

Temperature Factor 
Coefficient of C (A^) 

Mean Debye Temperature** 
e(°K) 

92,28 

Cubic 

a = 5,13 ± 0,01 

135,0 ± 0,8 

4 

4,581 

0^ -Fm3m h 

4(a) 

4(b) 

m 3 m 

m 3 m 

2,565 ± 0,005 

3,627 ± 0,007 

B = 1,1 ± 0,1 

B = 1 ,1+0,1 

230 ± 10 

94,69 

Cubic 

a = 5,115 ± 0, 

133,8 ± 0,1 

4 

4.700 

O?-Fm3m h 

4(a) 

4(b) 

in3xn 

m3tn 

2.558 ± 0.001 

3.617 ± 0.002 

B = 1 .85+0 . 

B = 1.85 + 0. 

170 + 5 

002 

08 

08 

189.9 

Trigonal 

a = 3.617 ± 0.002 
c = 17.96 + 0.01 

203.4 ± 0.4 

3 (6 as YCo.5) 

4.650 

Df^-R3m 

6(c), z = 0.2585 + 0.0003 

3(a) 

3 m 

3 m 

2.483 ± 0.003 

3.402 ± 0.007 
3.617 ± 0.002 
3.904 ± 0.008 

B = 0.98 ± 0.04 

B = 1.05 + 0.20 

233 ± 6 

*In the rhombohedral coordinates, the lattice constants of Y;C are a = 6.339 ± 0.003 A 
and a = 33" 09' +4 ' . This unit cell contains one Y^C chemical unit. The coord i 
nations of C and Y are 1(a) and 2(c) with x = 0.2585 ± 0.0003, respectively. 

**For the derivation of the Debye temperature , see International Table (1959) and also 
Bernstein (1964). 
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A P P E N D I X 

C r y s t a l S t r u c t u r e of SC2C 

U s i n g the X - r a y p o w d e r p h o t o g r a p h i c m e t h o d , R a s s a e r t s e t a l . (1967) 
have d e t e r m i n e d the c r y s t a l s t r u c t u r e of SC2C ( the i r s a m p l e No. 6 0 / 4 0 ) a s 
fo l lows : a f a c e - c e n t e r e d cubic s t r u c t u r e wi th a = 9.44 A for Sc,,g2*^' s p a c e 
g r o u p , O l - F d 3 m (No. 227) ( I n t e r n a t i o n a l T a b l e s , 1952); the n u m b e r of the 
SC2C u n i t s p e r un i t c e l l = 16; Sc p o s i t i o n s , 32(e) , (x, x, x) O wi th x = 3 / 8 ; 
c a r b o n p o s i t i o n s , 16(d), ( 5 / 8 , 5 / 8 , 5 / 8 ) 0 • The a p p r o x i m a t i o n , Sc,.j2C = 
SC2C, i s t o l e r a b l e in the p r e s e n t d i s c u s s i o n . 

The o b s e r v e d s c a t t e r i n g ang l e s and the v i s u a l l y e s t i m a t e d i n t e n s i t i e s 
a s r e p o r t e d by R a s s a e r t s et a l . (1967) a r e t a b u l a t e d in T a b l e VIII. H e r e , a 
u n i v e r s a l l y a c c e p t e d r e l a t i v e i n t e n s i t y d e s i g n a t i o n ( P e i s e r et a l . , 1955) p r e 
s c r i b e s a p p r o x i m a t e l y 

vvs (or vs"*") for 100, vs for 90, 

s for 80, m s (or m+) for 70, 

m for 60, wm (or m " o r w"*") for 50, 

w for 40, vww (or w") for 30, 

vw for 20, vvw (or vw") for 10. 

T A B L E VIII. C o m p a r i s o n be tween the Cubic and T r i g o n a l Mode l s for 
SC2C. Both the cub ic and t r i g o n a l i n d i c e s inc luding t h o s e for the u n 
o b s e r v e d r e f l e c t i o n s a r e g iven. The d i m e n s i o n s of the t r i g o n a l uni t 
c e l l w e r e ob t a ined f r o m the c u b i c - c e l l d i m e n s i o n us ing the r e l a t i o n s 
a t r i = § c u b A v/^ and Ctrl = ^ ^cMh- Va lues of 2eobs b^^ed on the 
da t a of R a s s a e r t s et al_. (1967) a r e l i s t ed , so that one can e s t i m a t e the 
d e g r e e of o v e r l a p p i n g a m o n g p r o x i m a t e r e f l e c t i o n s . O b s e r v e d i n t en 
s i t i e s , l o b s ' ^'^^ t h o s e g iven by R a s s a e r t s e t a l . (1967). The c a l c u l a t e d 
i n t e n s i t i e s p e r c h e m i c a l f o r m u l a uni t , Sc jC , w e r e cornputed u s i n g the 
fol lowing p a r a m e t e r s : a t h e r m a l p a r a m e t e r B = 1.0 A^ for a l l c a s e s ; 
a c o o r d i n a t e p a r a m e t e r for Sc in the t r i g o n a l m o d e l , z = 0 .26 . 

Cubic 

H I 
311 

222 

400 
331 
333 
511 

I n d i c e s 

T r i g o n a l 

003 
101 
0 1 2 \ 
006J 
104 
015 
107"! 

0 0 9 / 

^<^obs 
C) 

16.2 
-

32.9 

38.2 
-

50.3 

2 e c a l c 

n 
16.3 
31.4 

32.9 

38.1 
41.7 

50.2 

l obs 

\̂ ' 
* 
VS + 

vs 

* 
vw 

Ica l c 

Cubic 

51 
18 

1197 

904 
6 

;}̂  3j 

x 10"^ 

T r i g o n a l 

277 

4 

8 8 ^ 1 1 3 5 
253J 
854 

22 

: 2 } -
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Ind ices 

Cubic 

440 

531 
533 

622 

Tr igona l 

T A B L E VIII. (Contd. ) 

29obs 
(°) 

55.0 

65.6 

20ca lc 

55.0 

57.8 
64.8 

65.6 

^obs 

I c a l c X 1 0 - ' 

Cubic 

556 

3 
1 

347 

T r i g o n a l 

K 4 4 

•287 

444 

622 

69 .0 

71.4 

77.6 

81.5 

90.7 

68.9 

71.4 

77.7 

81.6 

83.9 

90.0 

90.8 

w -
* 

•120 

• 46 

•37 

• 1 0 

116 

840 

7531 

911 J 9 
931 

844 

755 
771 
933 

93.8 

96.0 

_ 

93.8 

96.2 

102.4 

159 

106.2 106.3 

108.6 108.7 vvw 

773 1 
951 J 

666 1 
10, 2, 2J 

953 
775 "1 

11, 1, I J 

880 

1, 1, 15 
0, 1, 17, 

306 ' 
2, 1, 10 
2, 0, 14 
0, 0, 18. 
1, 2, 11 

309 

220 
0, 2, 16 

115.2 

116.0 

122.1 

130.1 

>• 134.8 

115.3 

116.1 

122.2 

129.9 

134.9 

vw 

mw 

vvw 

W W 

w 

:}' 

132 

ol 
:} 

291 
86j 

1 

1 15 

: } • 
75 

• 1 2 0 

^20 

•15 

^•59 

•72 

13 
•51 
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Indices 

Cubic Trigonal 
2eobs ^^calc 

n n lobs 

Icalc X 10-

Cubic Trigonal 

10, 6, 2 

884 1 
2, 0, Oj 12, 

2 
1 

2 

1 
1 

3 
0 

223 " 
1, 13 • 
0, 19 
131 
0, 17 
312 1 
226 
2, 14 
1. 18. 
134 
0, 12 [ 
1, 20. 

138.1 138.4 

148.6 

150.1 150.0 ms 

156.9 156.9 

281 

no'] 
67j 337 

•The intensit ies for those reflections are not given by Rasser t s et al^., 
probably because they are too weak to be observable or overlapped with 
the adjacent strong reflections. 

As regards the cubic indices in Table VIII, Table 3 of that paper 
of Rassae r t s et al. has omitted a number of all-odd reflections such as 
(311), (331), (531), (533), (733), (555), (751), etc. In Table VIII the data 
have been compiled for all cubic reflections specified by the given space 
group. The cubic intensiti tes were computed based on the model of 
Rassae r t s et al. The Debye-Waller temperatufe-factor coefficient, 
B = 1.0 A ' , was assumed here by analogy with that for Y2C. For our 
purpose, this assignment of temperature parameter is rather immaterial . 

Fi rs t ly , the calculated cubic intensities suggest that most of the 
observed all-odd reflections a re actually too weak to be observable. For 
instance, I^^lc °^ ^^^ doublet (333) and (511) is less than 1% of Icalc of the 
nearby strong reflection (440), whereas the observed intensity ratio should 
be around 25% for this value. There a re many other cases similar to the 
above example, as is seen in Table VIII. 

If the intensity designation of Rassaer t s et al. is vastly different 
from the conventional one, then quite a few unobserved all-odd reflections 
should have been observed. For instance, since the doublet (333) and (511), 
with S Icalc " '^- ̂ ^^ been observed, the reflection (331) with Icalc = ^ 
should have also been observed and could be well resolved from the neigh
boring reflections. It appears that the cubic model is not at all well justified. 
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It is an outright speculation that the trigonal YzC-type s t ructure 
may provide a better interpretation than the cubic model. The trigonal 
structure of SC2C was constructed using the lattice conversions 
§tri = a c u b / 2 ^ ^ and Ctrl = ^ 3 acub- As seen in the case of holmium 
and yttrium hypocarbides, this approximation is quite permiss ible for 
our comparative purpose. By the same token, we assume the z parameter 
of 0.26 for Sc and B = 1.0 A' for both Sc and C. 

The resultant calculated intensities clearly demonstrate by far 
a better agreement with the observed data than the cubic case. It is 
therefore highly probable that SC2C (No. 6O/4O sample of Rassaer t s et al.) 
is isostructural to the trigonal Y2C. It should be noted that some 
Sc^C (x = 2-3) samples of Rassaer ts et al., such as SC2.4C (No. 8O/2O in 
their sample designation) appears to be isostructural to the cubic YCx. 
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NOTE ADDED IN P R O O F : CORRECTION FOR ANOMALOUS DISPERSION 

A. In t roduct ion 

The wavelength of the MoKa r a d i a t i o n (0.7107 A) employed for the 
p r e s e n t s i n g l e - c r y s t a l work l i es in the p r o x i m i t y of the K a b s o r p t i o n - e d g e 
wavelength of Y (at 0.7276 A). This would r e s u l t in a l a r g e c o r r e c t i o n for 
anomalous d i s p e r s i o n to the s c a t t e r i n g factor of Y, n a m e l y , fy. In fact , 
the d i s p e r s i o n va lues a r e v e r y l a r g e , that i s , 

Afl̂ ^ = -2 .96 and Af^ = 4.00 in fy + Af;_, + iAf^ 

( C r o m e r , 1965). The Af;̂  and Ai'-i^ va lues do not v a r y s ign i f ican t ly in the 
s ca t t e r i ng angular r ange of our c o n c e r n . The d i s p e r s i o n c o r r e c t i o n for 
ff- should be negl igibly s m a l l . It is known that the d i s p e r s i o n c o r r e c t i o n 
m a y modula te a p p r e c i a b l y the s c a l e and t e m p e r a t u r e f a c t o r s , but not a tomic 
posi t ion p a r a m e t e r s in c e n t r i c c r y s t a l s ( T e m p l e t o n , 1955). 

However , the d i s p e r s i o n c o r r e c t i o n for fy in our c a s e is c o n s i d e r a b l y 
l a r g e r than fc in m o s t of our s c a t t e r i n g angu la r r a n g e (see Tab le I). Also , 
Afy amounts to as much as 10 to 20% of fy ( see a l s o T a b l e I). Such a l a r g e 
d i s p e r s i o n c o r r e c t i o n migh t m o d u l a t e s igni f icant ly not only the s c a l e and 
t e m p e r a t u r e f a c t o r s , but a l so the a t o m i c p a r a m e t e r s . H e n c e , a c o m p l e t e 
s t r u c t u r e ana lys i s of the cubic and t r i gona l y t t r i u m h y p o c a r b i d e h a s been 
c a r r i e d out us ing the d i s p e r s i o n - c o r r e c t e d s c a t t e r i n g f a c t o r s . In sp i t e of 
the l a r g e d i s p e r s i o n c o r r e c t i o n , the r e s u l t s ind ica ted no s ign i f ican t changes 
in the a tomic coo rd ina t e s and r e l a t i v e l y s m a l l changes in the s c a l e and 
t e m p e r a t u r e f ac to r s . The de ta i l s a r e d e s c r i b e d in the following. The 
d i s p e r s i o n - c o r r e c t e d equat ions l abe led as ( l ' ) , (2 ' ) , e t c . , c o r r e s p o n d r e 
spec t ive ly to the n o n d i s p e r s i o n equa t ions , E q s . ( l ) , (2), e t c . The s a m e 
notat ion has been applied to the t ab l e s and the f i g u r e s . 

B. Cubic YCx S t r u c t u r e with D i s p e r s i o n C o r r e c t i o n 

With the d i s p e r s i o n t e r m s , the N a C l - t y p e s t r u c t u r e fac to r p e r unit 
cel l for YCx (cubic) is wr i t t en as 

F = 4{(fy + Af!y) ± x f^} + 4iAf^. ( r ) 

The obse rved and ca lcu la ted s t r u c t u r e f a c t o r s a r e i n t e r c o r r e l a t e d by 

-{-(^)] KlFobsl = | F | e x p ^ - B ^ ^ )• ~' i F c a l c l . (2') 
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w h e r e K is the s c a l e f ac to r a s def ined in Eq . (2) in Ch. IV.A. Note that the 
a b s o l u t e v a l u e , i F c a l c l - ^^ e m p l o y e d in Eq . (2 ') r a t h e r than F c a l c a s u s e d in 
Eq . (2). The l o g a r i t h m i c c o n v e r s i o n of Eq . (2') g ives 

^ ( | F | / | F o b s l ) = i n K + B M ( 3 ' ) 

B a s e d on Eq. (3 ' ) , the l e a s t - s q u a r e s r e f i n e m e n t was c a r r i e d out for d e 
t e r m i n i n g the b e s t v a l u e s for K and B at v a r i o u s c a r b o n - o c c u p a n c y 
p a r a m e t e r s x. 

T h e R2 c u r v e s a s a function of x with the d i s p e r s i o n c o r r e c t i o n 
a r e v e r y m u c h s i m i l a r to t h o s e wi thout the d i s p e r s i o n c o r r e c t i o n ( s ee 
F ig . 1 of Ch. V.A) . In the LOW A N G L E c a s e , the^Rj c u r v e g ives a m i n i 
m u m v a l u e of 0.066% at x = 0.44 wi th B = 1.43 A^ The v a l u e s ob ta ined 
wi thout the d i s p e r s i o n c o r r e c t i o n a r e R2 = 0.072%, x = 0 .48 , and B = 
1.67 A^. In the HIGH A N G L E c a s e , the R2 c u r v e g ives a m i n i m u m va lue 
of 0.22% at x = 0.44 with B = 1.74 A^. The va lue s ob ta ined without the 
d i s p e r s i o n c o r r e c t i o n a r e Rj = 0.22%, x = 0 .48 , and B = 1.85 A^. The 
d i s c r e p a n c y f a c t o r s a r e s l i gh t ly in favor of the d i s p e r s i o n - c o r r e c t e d c a s e . 
The n o m i n a l c h a n g e in the s c a l e fac to r m a n i f e s t s i t se l f in a s m a l l d i f f e r ence 
in the x v a l u e s . The change in the t e m p e r a t u r e fac to r is not a p p r e c i a b l y 
l a r g e e i t h e r . 

T h e b e s t s e t of p a r a m e t e r s thus ob ta ined a r e x = 0 .44, l ead ing to 
the f o r m u l a YCo.44 and B = 1.74 A^ The final va lue s of iFca lc l and |Fobs l 
a r e l i s t e d in T a b l e I ' , w h e r e the da ta for the f i r s t s ix r e f l e c t i o n s w e r e 
ob ta ined u s i n g the b e s t p a r a m e t e r s for the LOW ANGLE c a s e , and the 
r e m a i n d e r w e r e c o m p u t e d us ing the HIGH ANOLE p a r a m e t e r s . 

TAeiE r Observed and Calculated Structure Factors per Unit Cell lor Ihe Cubic VC0.44 «i»< " i * dis
persion Correction. Note mat in Fcalc • Vale ' iBcalc Bcalc is « large as It.O lor all retiedions. 

Indices 

111 
2X 
220 
311 
222 
4 X 
331 
420 
422 
Sll 
333 
MO 
531 

IFcalcl 
NaCl IVMel 

104.0 
110.4 
91.2 
74.0 
77.7 
68.2 
54 3 
57.2 
50.4 
42.5 
42.5 
40.1 
34.0 

IFcalcl 
CaF2 Model 

110.4 
WO 
')1.2 
77.3 
71.4 
68.2 
56.6 
52.7 
50,4 
44.3 
44.3 
40.1 
35.4 

|FoPs| 

103.9 ! 4.4 
115.1 • 2.3 
89,0 t 1-9 
74.0 ! 2,0 
75,2 t 2,9 
70,6 1 2,3 
56.1 1 1,1 
55.2 t 2,0 
53,4 1 1.2 
41.4 1 1.0 
43,2 t 2,2 
42,6 • 1,0 
34,2 t 0,5 

IFcalcl 
NaCl Model 

600 
442 
620 
533 
622 
444 
711 
551 
640 
642 
553 
820 
644 

36,1 
36,1 
32 3 
275 
29.1 
26.4 
22 2 
22.2 
237 
21.5 
18.1 
15.9 
15.9 

IFcalcl , , 
CaF2 Model jFotsI 

332 
332 
32 3 
28.7 
26.7 
264 
232 
23 2 
21.7 
21.5 
190 
14.5 
145 

38 1 1 19 
351 I 10 
» 6 s 1.2 
29 3 s 1.0 
30.6 : 0.8 
23 6 • a9 
19 5 1 07 
21 8 • 06 
25 2 i 1.4 
22.1 t 1.7 
20.01 as 
18.0 t 1.0 
16.4 t 2.9 

O u r N a C l m o d e l ( t h e o c t a h e d r a l c a s e ) g i v e s t h e o v e r a l l R , f a c t o r of 

3 . 7 % a n d t h e R , f a c t o r of 0 . 1 5 % . F o r t h e C a F , m o d e l ( t h e t e t r a h e d r a l c a s e ) . 
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we have R, = 5.9% and Rz = 0.46%. The difference here is not too large to 
endorse strongly the octahedral case. This situation is s imilar to the non-
dispersion case (see Ch. IV.B). 

Subsequently, so as to establish the validity of the octahedral model, 
an analysis similar to the nondispersion case was carr ied out. 

For reflections with h = odd, k = odd, and £ - odd, we have 

E{|Fcalc(o<:tahedral)| - |Fcalc(tetrahedral) | } = -108, (6') 

where the summation was carried out on the all-odd index reflections in 
Table I', excluding the first six reflections. Now, the observed data give 

Z{|Fobs! - |Fcalc(octahedral) |} = 2 - 0 (7') 

and 

KlFobsl - |Fcalc(tetrahedral) |} = -105 ^ -108. (8') 

Equations (6'), (7'), and (8') indicate almost complete agreement with the 
octahedral model. 

For the reflection with (h = 4n + 2, k = 4n+2, £ = 4n) and (h = 4n + 2, 
k = 4n, £ = 4n) and their equivalent reflections, we obtain 

S(|Fcalc(octahedral)| - | Fcalc(tetrahedral) | } = 133. (9') 

This is compared with 

ZdFobsl - |Fcalc(octahedral) |} = -T, ~ Q (10') 

and 

Z^Fobsl - |Fcalc(tetrahedral) |} = 130 ^ 133. (11') 

Again, the octahedral case is strongly favored. The octahedral model is 
indistinguishable from the tetrahedral model for the reHection types 
(h = 4n, k = 4n, £ = 4n) and (h = 4n, k = 4n + 2, £ = 4n+2). In this category, 

I{|Fobs| - |Fcalc(octahedral) |} = 

KlFobsl - |Fcalc(tetrahedral) |} = 25. (12') 

The ideal value for Eq. (12') is zero, and the observed small value can well 
approximate this. 
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C. T r i g o n a l S t r u c t u r e wi th D i s p e r s i o n C o r r e c t i o n 

The final p a r a m e t e r s in C a s e I in Ch. V . E w e r e d e t e r m i n e d by the 
l e a s t - s q u a r e s m e t h o d with the d i s p e r s i o n t e r m s t a k e n in to a c c o u n t . T h e y 

Az = 0.0087 ± 0.0003 (0 .0085); 

B y = 0.82 ± 0.04 (0.98) A^; 

B e = 1.02 ± 0.20 (1.05) A ^ 

K = 0.87 ± 0 .03 (0.93) , 

w h e r e the v a l u e s in the p a r e n t h e s e s w e r e t h o s e d e t e r m i n e d without the d i s 
p e r s i o n c o r r e c t i o n . The i m p o r t a n t c h a r a c t e r i s t i c is that Az is e s s e n t i a l l y 
unchanged . The d i f f e r e n c e s in B y and K a r e s ign i f i can t , w h e r e a s that in 
B e is i n s ign i f i c an t . In T a b l e I I I ' , | F c a l c l and JFobsl a r e l i s t e d us ing the 
newly ob ta ined p a r a m e t e r s . The d i s c r e p a n c y f a c t o r s R, and Rj a r e 5.1 and 
0.47%, r e s p e c t i v e l y . T h e s e v a l u e s m a y be c o m p a r e d with the v a l u e s 5.6 and 
0.47% ob ta ined wi thou t the d i s p e r s i o n c o r r e c t i o n . The d i s p e r s i o n c o r r e c t i o n 
did not v a r y the R - f a c t o r s s ign i f i can t ly . 

TABLE III'. Observed and Calculated Slrudure Factors per Unit Cell ol Ihe Odd-« Relleclions ol the Trigonal 
YjC with Ihe Dispersion Correction, Fcalc • Acalc * iBcalc Note that relalivcly large Bcalc values solely 
originated Iron the dispersion correction. Single and double aslerisks are explained in Tatile III, Average 
standard deviation ol the observed structure laclor is about 5*, 

Indices 

» 3 ' 
lOl-
015 
009' 
107 
I D ' 
021' 
0,1.11 
205 
119 
027 
1,0.13 
0,0,15-
211-
2,0,11 
12S 
217 
0,2.13 
303' 
0,1.17 
1.1,15 
1.2,11 
309 
1.0,19 
2.1.13 
223-
2.0,17 
131-

Acalc 

-47,70 
-2,37 
32,34 
59,49 

-60,93 
-2829 

0,57 
-71,70 
25,71 
46.71 

-46.23 
6333 

-77.82 
0.81 

-58.02 
21.03 

-37.86 
52.65 

-1809 
63.24 

-65.10 
-48.93 
32.61 

-67.62 
44.61 

-15.42 
53.76 
0.48 

Bcalc I Fcalc! JFobsl 

390 
1.29 
6.27 

10.80 
8.52 
366 
1.20 

12.36 
5.88 

10.14 
801 

1380 
15.24 
1,14 

11,61 
5,52 
7,53 

12,96 
3,24 

15,69 
1431 
10,89 
894 

16,14 
12.18 
303 

1476 
0.99 

479 
2.7 

32.9 
60.5 
61.5 
28.5 
1.3 

72.8 
26,4 
47,8 
46,9 
64,8 
79,3 

1,4 
59,2 
21,7 
38,6 
54,2 
184 
65,2 
66,6 
50,1 
33,8 
69,5 
46,2 
15,7 
55,8 

1,1 

<15,1 
42,4 

65,1 
36,7 

<20,4 
73.2 
31.2 
47.3 
46.8 
64.9 
%.3 

<18.8 
55.8 
22.3 
40.8 
50.9 

<239 
61.9 
66.4 
Sl.l 
316 
70.9 
45.7 

<2a7 
56.0 

<25.1 

Indices Acalc Bulc 

0.0,21 
315 
229 
137 
0,2.19 
1.2.17 
3.0.15 
401* 
1.1.21 
3.1.11 
045-
0.1.23 
407 
2.1.19 
1.3.13 
2.2.15 
321' 
0.4,11 
1.0.25 
4.0.13 
413' 
3,1,17 
3.0,21 

2.311 
419* 
1,1.27 
0.1.29 

59.64 
15.12 
2772 

-27.54 
-58.05 
46.20 

-47.82 
0 33 

5154 
-36,06 

12.93 
-57.66 
-23.82 
-50.07 
32.97 

-41.22 
0.24 

-31.47 
46.29 
2847 
-711 
34.62 
3852 

-27.30 
17.94 

-41.31 
34.92 

16.56 
486 
8.40 
6.63 

15,15 
1386 
12.63 
0.93 

15.57 
9.60 
459 

15,99 
6.24 

1425 
10,74 
11.85 
0.90 
9.03 

15.48 
10.11 
2.52 

12.24 
U.71 
846 
6.% 

14.13 
13.80 

IFcalcl 

61.9 
15.9 
290 
28.3 
60 0 
48.2 
49.5 

1.0 
538 
37.3 
137 
59 8 
246 
52.1 
34.? 
42.9 
09 

32.7 
48.8 
30.2 

7.5 
36.7 
40.9 
28.6 
19.2 
437 
37.5 

iFobsl 

67.9 

ao 
32.3 
28.4 
51.6 
435 
55.0 

<22.7 
532 
39.1 

<21.9 
57.7 
2a6 
49.3 
35.3 
4L7 

<29.2 
28.5 
530 
35.3 

<270 
J9.4 
483 
275 

<26.1 
47.9 
45.3 
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To d i s t ingu i sh C a s e I f rom o ther m o d e l s , the a n a l y s i s s i m i l a r to the 
nond i spe r s ion c a s e was a l so c a r r i e d out. With the d i s p e r s i o n c o r r e c t i o n , 
the equat ions given in Ch. V . F a r e modif ied as fol lows: 

(KFobs) ' = I Fcalc 

(-1) ^ 6(fY-l-AfY) s in (27TiAz) exp hm} 
3fc exp {-c(^)} 

(-1) ^ 6AfY s in (27riA^) exp j - B y f S ^ y - j > 

The above equation is r e a r r a n g e d to 

(29 ' ) 

/(KFobs)' 6AfY sin (ZTTJIAZ) exp { - B v ( ^ ) } ] / [ e U v . M V ) e . p { . B , ( i ^ ) j ] 

sin (27TiAz) + (-1) 
2ZYfV 

.{-(Bc-By,(ii^)] 

I If-
s in (2-nllST) - TT ^7^ (i = 4n + 1), 

13 fl,. 

sin(ZT\lt\z) + 1--^ ( . e = 4 n - l ) , 
13 fV 

(30 ' ) 

(31') 

whe re fy = fy -(- ( A f y / Z y ) and in de r iv ing Eq. (31') f rom Eq. (30 ' ) , B e = B y 
was a s s u m e d . Averag ing over a given £ l e ads to the equat ion 

AKF„bs)' 6AfY s in (ZTT^AZ) exp {••^(=^')"}1 
6(fy + Afy) exp {<'¥^] 

s i n (2TtXAz) - — a ' ( i = 4 n + l ) . 

s i n (ZTtiAz) + - — a ' { i = 4 n - l ) , 

(32 ' ) 
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w h e r e a ' = f c / fV- The r e s u l t b a s e d on Eq. (32') i s i l l u s t r a t e d in F ig . 1 1 ' . 

The e x p e r i m e n t a l po in t s for £ = 4n - 1 l i e c o n s i s t e n t l y above the so l id l ine 

r e p r e s e n t i n g s in (27r,8Az), and t h o s e for i = 4n -I- 1 l ie be low the so l id l i ne . 

T h e o b s e r v e d m a g n i t u d e of t h e s e d e v i a t i o n s gave a p p r o x i m a t e l y a' = 0 .62 , 

wh ich i s in good a g r e e m e n t wi th the c a l c u l a t e d m e a n v a l u e , a ' = 0 .68 . 
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The Dispersion-corrected Diagram Corresponding to 
the Nondispersion Case Given in Fig. 11. Note that 
the distribution of the experimental points is almost 
identical to that given in Fig. 11. This implies that 
the dispersion correction does not alter the conclu
sions obtained without the dispeaion correction. 
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T o r e c a p i t u l a t e , t h e s t r u c t u r a l d a t a o b t a i n e d w i t h a n d w i t h o u t t h e 
d i s p e r s i o n c o r r e c t i o n a r e t a b u l a t e d i n " R e s u m e of D i s p e r s i o n C o r r e c t i o n . " 

R^sum^ of Dispe r s ion Cor r ec t i on 

YCx (cubic) 

Without With 
Y;C (tr igonal) 

D i spe r s ion Dispers ion Without 
X = 0.48 X = 0.44 Dispers ion 

With 
Dispers ion 

Molecu la r Weight 

Densi ty ( g / c m ' ) 

Coord ina te of Y 

In te ra tomic Dis tance 

Y - C(A) 

Interatonnic Dis tance 
Y - Y{A) 

T e m p e r a t u r e Fac to r 
Coefficient of Y { A ' ) 

T e m p e r a t u r e F a c t o r 
Coefficient of C(A^) 

Mean Debye 
T e m p e r a t u r e 0 {°K) 

94.69 94.20 189.9 No Change 

4.700 4.676 , 4.650 No Change 

4(a) No Change 0.2585 * 0.0003 0.2587 ± 0.0003 

2.558 ± 0.001 No Change 

3.617 ± 0.002 No Change 

1.85 ± 0.08 1.74 + 0.08 

1.85 ± 0.008 1.74 ± 0.20 

170 ± 5 173 ± 5 

2.483 ± 0.003 

3.402 ± 0.007 
3.617 ± 0.002 
3.904 ± 0.008 

0.98 * 0.04 

1.05 ± 0.20 

233 t 6 

2.486 1 0.003 

3.397 ± 0.007 
3.617 * 0.002 
3.910 ± 0.008 

0.82 • 0.04 

1.02 t 0.20 

274 ± 6 
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